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STEEL PLANT 


Safety and Efficiency 


 Regerdiess of time 
between operations, 
this Beiley Mecheoni- 
col Goggle Valve will 
open or close instantly 


The Beiley Clay Gun 
hes ample power for 
maintaining leng tap- 
ping holes. 


Safe and dependable, 
this Boilley Therme!l 


Expension Geggile 
Velve forms @ 
tight leckproef seal. 


The dependability of Bailey Equipment 
plays a part in the safe, efficient operation 
of many major steel plants. All Bailey 
Equipment is designed and manufactured 
with two basic considerations in mind—pro- 
tection for men and equipment, and opera- 


tion that is dependable and economical. 
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Published to provide a continuing, authori- 
tative, and up-to-date record of tech- 
nological, engineering, and economic 
progress in all branches of the metals 
industry by the 
Metals Branch 
American Institute of Mining and 
Metallurgical Engineers, Inc 
29 West 39th Street, New York 18 


Harry Brocke points up the growing importance of nuclear metallurgy in his design for 
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General Electric announces 
a versatile MeW X-ray diffraction unit 


4 


XRD-S lets you 
build as your 
Featuring one or two tube operation needs grow 


1 Basic XRD-5 includes simple 
. table, ome tube, camera and 
Hi test ray t } s; on two different camera tracks, one kv pane me 
ma panei, Ome timer pane with 
n reset ANALYSIS chorce of three cooling methods 
‘ | X | You are equipped for film technics 
\ LiVSIs re 
2 Add a tube unit, another ma 
i iv i or panel, a tube selector panel — 
— and you re equipped for two-tube 
=— General Ek fim technic 
an acat 3 Add spectrogoniometer. a hor- 
Get full is zontal tube support. a direct 
measurement attachment (No 
c G-I x-ray repre- 2 SPG, detector that includes 
> power supply near and aar 
xX Ray D part ithmc ratemeter, §-decade scaler) 
= —and you re equipped for sumu 
taneous film and direct measure 
M Wis. r Pub AY-l14 ment technics 


4 Add a spectrometer — and you re 
fully equipped for fluorescence 


Progress Our Most /mportant Product 


5 Add a helium runne! assembly — 
and you re equipped for fuores- 


com detection of any material 
down w Atomik No. 15 
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ORDER YOUR BOOKS THROUGH 
AIME—Address Irene K. Sharp, Book 
Dept. AIME members given 10 pct 
discount whenever possible. Please 
order Government publications direct 
trom the agency concerned 


Review of Current Research and Di- 
rectory of Member Institutions, En- 
gineering College Research Council 
American Society for Engineering 
Education, $2.00, 352 pp., 1955.—This 
olume reviews current research 
programs in engineering colleges. It 
should be of interest to faculty mem- 
bers in determining where the work 


they are most interested in is being 


carried out. It is also a help to stu- 
jents in planning their education In 
institutions which are active in the 
type of education most ulted to 
their life plans. A comprehensive in- 
dex to researcn | ct ounds out 


the volume 


Comprehensive Inorganic Chemis- 
try, edited by M. Cannon Sneed and 
Robert C. Brasted, Vol. 4, Zine, Cad- 
mium, and Mercury, by Howard M 
Cyr and the editors and Seandium, 
Yttrium, and the Lanthanide Series, 
by Thomas D. O’Brien and the edi- 


tors, D. Va y rand Co. Inc., $5.00 
193 pp., 195 A part of tne 11 vol- 
ume reference work on chemical ele- 
ment generall entitled Compre- 
he e Inorga Chemistry, thi 
ol e treats the chemistry of the 
rare earth elements in detail. It also 
give an up-to-date and thorough 
coverage of zim cadmiun and 


mercury 


The Inspection and Testing of Met- 


als, The Instit f Meta rgists 
119 pI Thi colle ot 
pape cor the iect leliv 
ere at the ‘ ‘ irse held in 
4. Contr i e well known 
xpert n th with which the 

ectures de The lurne fully 
iustrated 


Handbook of Engineering Materials, 


jited by Douglas F. Miner and John 
B Sea lohr Wiley & 
Inc., $17.5 

ithent ar 

ate 

‘ P 

pec t 
by ses 
te : It ha 
prot it 
er eru le 
const t 
an 

tis ne 

ictiona Hut i¢ 

il textbook 
1 nciuded 


Books for Engineers 


The Principles of Electromagnetism, Industrial Furnaces, by W. Trinks, 
by E. B. Moullin, third edition, Ozx- Vol. 2, third edition, John Wiley & 
ford University Press, $7.20, 438 pp.., Sons Inc., $10.00, 358 pp., 1955.—In 


1955—Four major sections of the this edition advances in the indus- 
book cover elements of magnetism, trial furnace field since 1941 are 
the second law of electrodynamics, brought to the attention of the 
iron in magnetic fields, and two reader. The book discusses and de- 
groups of special electromagnetic scribes practically everything of 
equations. New material has been in- value required for efficient furnace 
cluded on high frequency resistance operation. The general arrangement 
of rods and coils and a set of 20 of the previous edition has been re- 
worked examples on cylinders and tained, but important changes and 
tubes in magnetic fields added revisions have been made 


... With fine accuracy assured 


To test-best with mechanical ease, yet 
assured accuracy, for any given 
physical property— it is important you 
have exactly the right machine. For more 
than 40 years Steel City has designed 
and built the correct machines for 
various types of work, with the 
customers’ requirements utmost 
in mind. 


Iljustrated Model UK-300-M is the right 
machine for testing Brinel] Hardness where 
application requires limited production rate 
and fine accuracy. Machine is motorized, 
| floor mounted and has wide range of appli- 
| cation. Minimum maintenance needed 


Steel City has qualified sales 
representatives in major metal- 
working areas for your con- 
venience. Write today for name 
of nearest sepresentative . 
and detail information on com- 
plete line. 


Manvfacturers of machines for testing physical properties of metals, including: 


+ 
Brine Hardee Tense 
, / Pal 
- fe 
A, 
Transverse Wyerestate ements Fees Teeter 
8825 Lyndon Ave. Detroit 38, Mich ... ond Special Testing Mochines, 
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Books, continued— 


Principles of Mass and Flow Produc- 


tion, | Frank G. Woollard, Philo- 
phical Library, Inc., $7.50, 195 pp 
bing economical means 
: g production, the book 
f tudent f engineering 
because it is a practical 
f the +. that lie be- 
nanufacturing The 
ind method lescribed 
re iitable for the manufacture of 
yst ever irticle that is continu- 
The book also deals 
e pr 
sed Use 


A self-contained variable dc. power supply 
for electrolytic etching of prepared metalle- 


graphic specimens. 


This neat compact unit is always ready 
to operate elimmmating time 
hook ups and delays due to 
battery failure 


All controls are advantage- 
ously located for fingertip 
adjustment. Twin 

type voltmeter and 
ammeter are posi- 
tioned for ready and 
easy observation. 


Properly identified 

leads for the cathode 

and the anode with 
forceps for contacting 

or holding the specimen 

are supplied. A 
replaceable beaker and fitted 
cathode clip to support either 
the vertical or horizontal stainiess 
steel cathode are furnished. 
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Buchler Ltd. 


METALLURGICAL APPARATUS 
2120 GREENWOOD STREET 


Machine Design, by Pau! H. Black, 
McGraw Hill Book 


second edition 


Cc Inc., $7.50, 471 pp. 1955—In- 
tended both as text and a reference 
book for design offices, this book 
overs the fundamentals of the de- 
sign of machine elements and the 
lesign and selection of units of 
power transmission, of strength, 
rigidity, wear, and economy of man- 


ifacture and operation. The practi- 
cal aspects are emphasized including 
the important factors leading to fail- 
ure and the latest treatment of stress 
concentration 

Chemical Engineering Cost Estima- 
tion, by R. S. Aries and R. D. New 


EVANSTON, U.S.A. 


ton, McGraw-Hill Book Co. Inc 
$6.00, 263 pp. 1955—The subjects 
covered include methods for deter- 
mining capital investment, equip- 
ment and other components of physi- 
cal plant cost, manufacturing and 
general expenses, profit, effect of 
plant size and operating level, plant 
location, and the economic evalua- 
tion of projects. The principles and 
extensive qualitative data are ap- 
plicable in fields other than chemical 
engineering 


Hardbook of Industrial Engineering 
and Management, edited by W. G. 
Ireson and E. L. Grant, Prentice- 
Hall, Inc., $16.00, 1203 pp.., 1955—In 
addition to covering the traditional 
subjects such as time study, plant 
layout, etc., this new handbook con- 
tains sections on engineering econ- 
omy, budgeting, standardization, 
safety engineering, industrial hy- 
giene, quality control, industrial sta- 
tistics, and operations research 
Treatment stresses general princi 
ples and the best current practice 


Fundamentals of Friction and Lubri- 
cation in Engineering, American 
Society of Lubrication Engineers, 
$3.50, 196 pp., 1954—The 12 papers 
presented in this first ASLE Nation- 
al Symposium cover many aspects 
from historical and general surveys 
of the hydrodynamics of lubrication 
to specialized treatments of various 
bearing types, constitution of lubri 
cants, friction problems, and wear 


Powder Metallurgy, Technical As 
sistance Mission No. 141, Organisa- 
tion for European Economic Cooper- 
atior $3.00, 309 pp 1955.—This 
the result of 


the work of a technical assistance 


comprehensive book 


mission that recently visited the 
United States. The mission visited 43 
factories, universities, and research 
centers. The book covers electrical 
and magnetic materials, hard metals 
refractory materials, and engineer- 
ing and structural parts. Please order 
from: O. E. E. C. Mission, Publica- 
tions Office, 2000 P St., N. W., Wash- 
ington 6, D.C 


Principles of Flotation, by K. L 
Sutherland and I. W. Wark, Aus- 
tratasiar Institute of Mining & 
Metallurgy, 489 pp., 1955.—-The orig- 
inal edition of this book, published in 
Wark. The 
jemand for it persisted long after 


the original edition was exhaust 


1938, was written by L W 


This revised and enlarged version is 
the joint work of Mr. Wark, chief 
Div. of Industrial Chemistry of the 


Commonwealth 
trial Researct 
»utneriand assi 

Division. An excellent reference and 


1 
ROMET ETCHER 
- 
| 
| 
text it will be vaiue to t e in 
: the fields of mineral dressing, sur- 
} face chemistry, and industrial chem- 
tralia 
; 


NOVEMBER 1955 JOURNAL OF METALS 


Carbonyl Iron Powders 


These are spherical iron powders—as shown in the surrounding 
photomi rograph Diameters run from 3 to 20 microns; in some types 
to 99.9% New types have 


the iron content is as high as 99.6 
recently been developed; there are today a total of 10 which may 


be classified as shown in this table 


MORMAL FOR HIGH NORMAL 


SOFT HARD 
(EASLY COMPRESSIBLE TO ( PRESERVE SPMERCAL SHAPE 
HIGH DENSITIES) UNDER PRESSURE) 
SPECIAL | SPECIAL 
FOR HIGH 
COARSE 
“C HAS MEDIUM PARTICLE SIZE RANGE, SUT IS HARDER THAN HPF 
Let us send you a 52-page book giving charac teristics and applications 
We invite you to call upon our research facilities and Technical 
Service Department for assistance in developing new applications or 
new products involving the use of any of these powders We also 
invite inquiries for powders whose performance characteristics are 
different from those exhibited by any of our existing types . . . Kindly 
address Department 44 


ama ~=ANTARA, CHEMICALS 


& SALES OF GENERAL 46 
NEW YORK 14. N.Y imps] 


435 “4UDSON STREET 
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Developers 
the 
Corporal 
Cusded 
Missile 


JET 
PROPULSION 
LABORATORY 


Active in all phases 


and related 
materials research 
The foremost 


guided misside research 


‘ 
nd development tac 
established 
‘ offers escep 

| 
| pportunmes for 
| 
| eng reer and esearch 


entiats brood 

ange of propulsion 

moterials research 
problems Special inter 
in ce polymer 
chemistry, tiote 
physics, heat 
propellant research, 
metallurgy, and high 
temperature techno! 
The leboratory 
offers 
blend of ocodemi« ond 
industrial environments 
Attractive solaries 


offered 


bro here describing 
Pportunties ena 

actrvetees at the 

Laboratory wll be sent 


reque 


ser LABORATORY 


MET TUTE OF OO’ 
GOOVE 


Trt following employment items ore mode 


ovoilobie AIME members on o nor 
profit b by the Engineering Societies Pe 

yervice inc., operc pe 
with the winder So es ¥ ffices 
the Pe el Service ore ot 8 W. 40% 


New York 18; (OC nsworth Ave, Detroit; 
7 Post St, Sem Frencisco; 54 pt 


Chicago Apr 
to the per key or the New 
~ 3 and returning atior e of 
jrees e 
ne tre e ? x yocement 
e liste ervice AIME members mo 
bulletin of pos: tror voi lob 
porter, $12 0 yeo 


POSITIONS OPEN —— 


Metaliurgist, ceramist, to lead pro 
gra f materials and proce de 


velopment in field of cemented tung 


ter ar bide Degree and five vears’ 
expe ence de ed in powder etal 
ce . or te allo 
ent Strong theoretical 
ba i preferred plus familiar 
; +} pe ler eta proce ne 
tecnnique i equipment. Location 


Michigan. W2283D 


Assistant Metallurgists, B.S. engi 


nee g, 22 t 2 r the develoy 

ent t g t gi luctior 
tins nt f aut at 
the fliiwe M ‘ 

‘ ‘ eta and 

ng $4801 $6000 a ea 
‘ t t place ent 
fee 1 ition. South Chicago. C3907 


METALLURGISTS 
PHYSICISTS 
MECHANICAL ENGINEERS 
Ex ne foe ut Metollurg 
t 2s with ex 
rrounding nd te 
eas ie tions to be filled 

er € =e ence ond 
w be he 4 
ox nd salary require 
E Maddigor A tor 
De tment of Metallurg: 
Reseorch 
Koiser Aluminum & Chemical 
Corporation 
Spokene 69, Washington 


Metallurgists, young. BS. MS 
and Ph.D. degrees. Experience de- 
sirable for company engaged in all 
phases of semiconductor work; re 
search, development, pilot produc- 
tion, and regular production. Sal- 
s open. Location, Massachusetts 
W2258 


Assistant Mill Superintendent for 
large base me tal mine in South West 
Africa. Should be technical gradu- 
ate, with at least five years base 
métal flotation experience. Three 
year contract, transportation for self 

while travel 


d for married 


and family and si 
ng. House furnisl 
man. Climate and living conditions 


excellent. F2163 


Metallurgical Engineer, young 


graduate, with at least three years 


experience covering welding, heat 
treating, testing and/or manufactur 


ng of ferrous and nonferrous equip 
nent. Location, upstate New York 
W2147(a 


Field Engineer, young, with equip 


ment experience in chen il, metal 
lurgical or proce ndustry for ser 
vice work covering equipment in 
provements. Considerable traveling 
Salar $4800 to $6000 a vear. Loca 


tion, eastern state W2144 


Junior Metallurgist, degree in 


metallur r ner cal eT 

gineerir t perfo ntrol work 
and ore dre ng research in a 5000 
te netic gravity flotation mill 
Ex ‘ ‘ pp fimmit for ecent 
graduate learr iny phase of 

lling Salary oper Locatior 
Northeast. W2127 


r 


Production Engineer, 


graduate etal li proce ng 
experience for rolling mil produc 
tion dutiec or hift ba Salary 


$4800 to $6000 a year. Location, Mid 
cect W2136 


Metallurgical Engineer, graduate 
with minimum of five vears experi 
ence Salarie $6000 to $10.000 


year. Location, Midwest. W2135C 


a 


METALLURGICAL RESEARCH 
OPPORTUNITIES 
ror 2 "Ad 
theret deve MA 
4 proce ¢ higt 
t met way y de 
form mwork operat meth 
The Personns Manager 
BATTELLE MEMORIAL INSTITUTE 
505 Avenue 
Columbu Oh 
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Metallurgist, 26 to 40, M.A. or B.A. 
in metallurgy, to assist in develop- 
ment and trouble shooting program, 
to conduct metallurgical tests re- 
lating to design and operating prob- 
lems and the investigation of proc- 
esses and to advise personnel of tne 
various divisions on the solution 
of metallurgical problems. Salary, 
$6838 a vear to start. Must be U.S.A. 
citizen. Lovation, New York Metro- 
politan area. W2255(a) 


Metallurgical Engineer, young, 
with steel products experience for 
analytical and application engineer- 
ing duties with steel converter 
Salary, $4800 to $5400 a year. Loca 
tion, northern New Jersey. W2235 


Metallurgical Engineer with melt- 
ing experience, including vacuum 
techniques for application engineer- 
ing and development work with 
equipment nanufacturer. Salary, 
$8000 to $10,000 a year. Location 
Massachusetts. W2194 


Metallurgical Engineer, with B.S 
in chemical, metallurgical, or me 
chanical engineering, and at least 
furnace and 
foundry experience for field devel 
opment with process equipment 
acturer. Considerable travel 
ing in East and Midwest. Salary 
$7200 to $8400 a year. Headquarters, 
New York, N. Y. W2179 


ive years 


ferrous, 


PROFESSIONAL SERVICES 
Limited to AIME members, or to com 
panies that hove at least one AIME 
member on their stoffs. Rates $40 per 

yeor per inch 


DR. 8. EGEBERG 
Metallurgical Consultont 
Reg Prof Engr 
Stee! & Metals 
Operations — Research 
Meriden, Conn. 


Chem ectroscopists 
SHIPPERS ‘REPRESENTATIVES 


359 Altred. ave. New Jersey 


MAX STERN 
Consulting Engineer 
Expert for Scrap Recovery and Ship- 
Moderrazation of Plants 
ond Yords for Ferrous ond Nonferrous 
Meta! Scrap 


149 Broedway New York 6, N. Y. 
H. L. TALBOT 
Metallurgical Engineer 
Extro nand Refining of Base Metols 
oe zing in Cobelt ond Copper 


Room 330, 84 Stete St., Boston 9, Mass. 


TAM 


Zirconium-Magnesium 


MASTER 
ALLOY 


Easy, 
Economical Alloying 


Readily soluble in product heats of mag 


Alloy is a most eff 


miz asa 
The resul g magne x 
high strength a ‘ cra 
kag 
ares extr ing a 4 | 
TAM Master Alloy ha 

Cor plete 

held ¢ veers and N 


TAM 
PRODUCTS 


TAM's Ma 


TITANIUM ALLOY MFG. DIVISION 


NATIONAL LEAD COMPANY 


I 


Broa 


General OF Work 


NOVEMBER 


TAM is a registered trademark Niag Fa 
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g zir m with magnesiun 
= nd Sale: Off 


Mew! Duty Construction 
— Return Bend Heating 
Coils — Groded loyers 


of the Carbon Case 


Cerburizing with o positive pressure inside 


Jersey City 6. 


HEVI DUTY ELECTRIC COMPANY 


MILWAUKEE 1, 


Meat Treating Furnaces... Electric Exclusively 
Dry Type Transtormers 


HEVISD-UTY, 


Pressure 
Carburizing 


FURNACES 


Simplify Control 


the retort has simplified the obtaining of exact carbon 
concentrations on the surface of the work and to spe- 
cified case depths. Close case tolerances and shorter car- 
burizing cycles are additional advantages. 
identical results ore assured from heat to heat because 
conditions in the retort can easily be duplicated. Forced atmos- 
phere circulation assures uniform cases in the densest loads. 
You, too, can produce consistently uniform results if you specify 
Hevi Duty Verticle Retort Furnaces for Carburizing, Nitriding, Dry 
Cyaniding, ond Bright Annealing. 


Write for Bulletin HD - 646R. 


Consult your nearest Hevi Duty Office for more information — 


Chicege District Catifernio District 


te Bidg. 205 w ecker Drive 15026 Oxnard 
Ome 


Chicege 6. Vor Nuys. Collf 


WISCOnSiIn 


Constant Current Regulators 
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Coming Events 


Oct. S1-New National Lebricating Grease 
Institete, annual meeting. Edgewater Beach 
Hotel, Chicago 


Nev 1-3, Investment Casting Institute, an 
nual meeting. De t 


Nev. 1-5, Werld Sympeosiem on Applied Selar 
Energy. Westward-Ho, Phoenix 


Nev. t. SAE. The Chase, St. Louis 


New 3-4, Seciety fer Advancement of Man 
nt of 


agement. measureme management cor 
ference Hote Statier. New York 

Nev. 4, AIMEE, Pittsburgh Local Section. and 
Pittsburgh NOHC Local Section. off-the 
record meeting, W im Penn Hotel, Pitts 
burg? 


Nev. 7-8, Western Geverners Mineral Pelicies 
Cenference, Sacramento 


Nev. 7-8, Eastern Joint Computer Conference 
Hotel Statler, Boston, Mass 


New Stanferd Research Institute, assoc 
ates Stanford, Calif 


Nev 9-11 Industrial Management Seciety 
motion stud j 


time anagement 
Sherman Hote cr 

New. 15-18, ASME, annu meeting, Congress 
Conrad Hiltor und Sheraton-Blackstone 
Hote Chicag 

New 15, AIMEE. NOHC, Bulla Sect Roya! 
sant Hote Hamiit nit 

Nev 16, AIME NOH( Wester Sectior 
Rodge Young Auditoriu 936 W. Wash 

gton Bivd., Los Angel 
Nev AIMEE, NOHC( Norther Ohio Se 


Nev 146-17. Industrial Hygiene Foundation 
4 meeting fe Institute Pitts 


argh 


Nev. 16-18, Steel Founders’ Seciety of Amer- 


ica ect perat nfer 
ence, Hotel Carter, Cle i 

New 17-18 American Mining Congress Oa 
ference, William Penn Pitts 
b at 


ev 17-18 American Seciety fer Quality 
Centre! iwest conference Schroeder 
Hote M A 

ov 77-30, American Institute of Chemical 
Engineers, annual meeting, Statler Hote 


Detr 


New -Dee. |. Conditioning and Refrig- 


eration Inetitute ex posi tic Auditoriur 
Dee. 7, AIME. New York Powder Metallurgy 
group. Brass Ra Restaurant. New York 


Dee. 7-9. AIMEE. Electric Furnace Steel Con- 
ference, W Pe Hote Pittsburgh 


Dee. 16-16. Atomic Exposition, 
Cleveland Put Auditoriu Cleveland 
Dee 12-16. Neelear Engineering and Science 
Congress, Cleveland Public Audito 


Che 


Dee %-Tt, Indian Institute of Metals. genera 
Ca t 


we stta. India 


Jan. 18, 19546. AIME. NOHC. Weste Sectior 
Rodger Y ne Auditoriun om OW Wash 
net Angeles 

Jan AIMe. e & Cok Assr 
jo Hot cr 

Feb. AIME mnual meeting. Statier 
‘ i New y ruer telis New k 


Mar. AIME. Niagara Frontier Loca 


Mar ti AIME NOH(C Western Sectior 
sng Auditor 


Rodger Y um, Los Angeles 

Mar. 29-30, AIMEE. Southern Califorr Loca 
Section, Symposium on Physical Metallurgy 
¢ Titantu U ersity f California, Los 
Ange les 


Ay 
= _~ 
Eoste tric? Cleveland Dis 
50 Journal Squere 197? Unies 
Cleveiond 14 
Section. Regional Meeting on Reactive Met- 


“RK are Earths— 


Dollars and Sense” 


Improved Compound 


@ Smaller-Quantity! Required- 
@ Lower Unit Cost 


Year 1951 
Lbs. /Ton 
$/lb. 3.00 


$/Ton 15.00 


i=) 


1952 1953 


3 2 
2.25 1.50 


6.75 3.00 


1954 1955 


1.00 


1.50 


So rapid has been the advance 
in technical progress and use of 
rare earths (Trade Name: MCA 
RareMeT Compound) that in the 
brief span of four years, about one- 
fourth as much is needed to accom- 
plish the desired results, at one- 
third the cost per pound. Now, the 
economics in favor of rare earths 


are ten times as great as they were 


four years ago. 


In OPEN HEARTH STEELS, the 
improvement in addition practice 
is making rare earths more and 
more economical, actually cutting 
production costs. Excellent results 
with STAINLESS STEEL in hot 
workability and increased yield 
have been verified consistently. 

Most steel producers, conscious 
of their customers’ increasing de- 
mands for better quality, greater 


AMERICA 
Grant Building CORPORATION OF ERIC 


uniformity, and consistently good 
iron and steel are actively engaged 
in research employing rare earths. 
If the cost of iron and steel produc- 
ing is at all interesting to you, or if 
customer rejections play any part 
in your operauons, it will pay you 
to investigate the intelligent use of 
MCA RareMeT Compound. A letter 
addressed to any office will bring 


prompt and confidential response. 


Pittsburgh 19, Pa. 


Offices: Pittsburgh, Chicago, Detroit, Los Angeles, New York, Sen froncisce 
Soles Representatives: Edger Fink, Detrolt, Brumiey Domoldson Co. Lov Angeles Son Fronciece 


Plants Washington, Po. York, Po 
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eA trated booklet giving up- © A metal protective paint contain- 
f te jata n the properties of ing 100 pct zinc dust and possessing 
tit i i ng methods of rust inhibitive properties similar to 


oy ’ t t} netal has been issued those of the zinc coating on galvan- 
ALL j F yment lept The ized steel is announced by the New 
{ELD , et iv es tables giving the Jersey Zinc Co. The zinc rich paint 
sH mechar roperti f both al- is capable of making metallic con- 


‘ na yed grades of the tact with the underlying metal 
oO met mparative roperties of 

PR DUCTS oie ther pure metal Cop- eA new high speed radiation de- 
. the P ‘ ‘ ht ed from Public Re- tector five times faster than existing 
‘ Devt é ] iunPont deNe- models has been develo ped by the 
r & C Ine Wilmington 98 ndustrial div. of Minneapo s-Hon- 
De eywell Regulator Co. The new unit 
responds to 98 pct of any te mpera- 

¢ A booklet issued by Johns-Man- ture change in less than half second 
ville describes the hydraulic setting Measurement can be accomplished 
refractories firecrete and blazecrete without physical contact. It espe- 
which are used through 3000°F. Con- cially suited for temperature meas- 

taining tables on properties, the crement of fast-moving bars, billets 
booklet is available from Johns- wind sheets which are on target for 
Manville, 22 E. 40th St., New York 16. less than a second. It is also designed 
for applications where profile meas- 
© Ap t f elatively new urements determine temperature 

irt ng t nique for iz distribution along a moving slab 

~~ the ‘ eal i corro- trip, or sheet 
tar ff j etals t 

T i nto the surface ® Linde Air Products Co. has devel- 
t temperature ire described oped Heliare cutting for the cutting, 
illetin entit shaping and sizing of nonferrous 
/ }, ay bie from the materials. Heliare cutting can be 


09 W. 64th St done either manually or mechani- 


Ne cally. Saw like quality edges are ob- 
NDUSTRIES tained in ', in. thick aluminum plate 


e J. B. Arthu founds ind presi by mechanized cutting at a speed of 
lent of 1 Me» Refractories Co 300 ipm. This new tool can be used 
© CHROMIUM METAL “90 Mex M eceived a bronze for bevel cutting, pattern cutting, 
78 tive of |} lead and circle cutting. 
© CHROMIUM METAL “99 The honor 
7% Cr ept. 17 on the e Tu é tee tting carbide 
rire mBIUM evth anr grade ed CA-606 i CA-605 
MELTING BASE A ¥ presented ere cea iy by the Car- 
w ‘ e beer t I met Du f Allegheny Ludlum Steel 
the frn Corp. These ne emented carbide 
@ ZIRCON SANE grace evelopea give 
AND FLOUR greater edge ear thout lk of 
. ) tile } re These are 
‘ grap} strates the nade oh the ax nti-cratering in- 
t ne net nz mate- gredient called Crystalloy Crystal- 
‘ ust like 15 n yet y uses titanium metal in place of 
SHIELDALLOY is the properti« f stee The duc- titanium oxide to gain greater tm- 
| CORPORATION wwect end 
PLANT west technical cleties, and plate holder has been developed by 
NEWFIELD. NEW JERSEY William M. Baile; Pittsburg! 
" l Int national Nickel Unit has two mair the cooling 
* Assembly and prototype fabrica- inserted into tl brickwork 
tion costs are reduced as much as 80 The Bailey Cool Holder 
pet by Superwelding, an improved idaptable for new or relined fu 
high temperature, high production nace The holder is described in a 
copper brazing process developed by bulletin that can be obtained fro 
Superweld Corp. The process per- William M. Bailey Co., 1221 Banks 
manently bends together ferrous ville Rd., Pittsburgh 16 
metal parts in a controlled, nonoxi- 
dizing atmosphere. Safe operating e Harbison-Walker Refractories Co 
temperatures for parts Superwelded has opened a neu ca refractor 
with copper range from —100°F to plant at Leslie. Md. The eu e- 
+ 800°F for continuous service, or to ected for its pr ty tor 
1800°F for short periods of time. terial and t mportant <¢ iming 
For application engineering informa. ndustrie The new operation in- 


tien write R. E. Jones, Superweld 
Corp., 6840 Vineland Ave... North a is the late ny pe- 
Holly weoed, Calif. nents tn machine desig 
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Research dollars working for you... 
a continuing aid to industry 
from ELECTROMET 


METALS RESEARCH LABORATORIES 
ELECTRO METALLURGICAL COMPANY 


NIAGARA FALLS Ss 
POLLARS | 


ELECTROMET's research laboratories spend 
millions of dollars to develop new and improved alloys for 


better steels—and you receive the benefits. 


More than 300 skilled research scientists, engineers. and as a bonus for vou. to provide high-quality ferro-alloys and 
technicians work in ELecTromMet’s Metals Research Labora valuable technical service 
tories on the solution of metallurgical problems. They de You can profit from this continuing research program 
velop new and improved ferro-alloys and metals, better ways For help on your problems in the use of ferro-alloys or the 
of using them. and new and improved alloy steels and irons metallurgy of alley steels or irons, please contact the nearest 


ELECTROMET conducts this continuing research program ELectromer office listed below 


The term “Electromet” is a registered trade-mark of Union Carbide and Carbon Corporation. 


ELECTRO COMPANY 


A Division of ide and Carbon Corporation 
30 East 42nd Stree! New York 17. N.Y 
levelan e Detroit 
He 
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* LAMOUR me nat : t electric furnace 
st perat strated in a researct 
b t mpleted f the Committee of Stain- 
ter luce AISI] R. W. McLaughlin of 

‘ ty predicted that n e and more 

bye nstructed meta Wali nh par- 

‘ 

I kyscrape like New York's Lever House 
ny-M Buildis ire accomplished 

Mr. McLaughlin predicts that small towns 

‘ ise the oute wall mater 
int thre gZiamour gias 
1 

tet Mr. McLaughlir combines 

ta able qualities that 

excellent lir mate al trengt! 

> t ts combinatior 
‘ ‘ tee among 
ed for permanent and 

‘ tr meas- 
t We know of 
feasible 

gran the 

te } é f building 

pit A na where 

Dee eaned 

‘ ma whe the dirt 


A new experimental process for adding color to stoiniless 
stee! involves the application of glozes, retoining in view 
as much natural metalic quality as possible 
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original condition. Even though the parts are dirty, 
they look bright when seen from the sidewalk 

Other factors that make a case for the use of 
tainless steel are: speed of erection, more useable 
floor space because of thinner walls, and costs com- 
parable to brickwork with the added advantage of 
beauty and contemporary design 

R. E. Paret, stainless steel specialist AISI, pointed 
out that there are many technical problems to be 
overcome. “Many fabricators,” Mr. Paret observed, 
‘have hesitated to enter this field largely because of 
unfamiliarity with its requirements.” In many cases 
the fabricating equipment required to form metal 
curtain wall panels need not be huge or elaborate 
One curtain wall design proposed in the Princeton 
report, for example, uses a standard standing seam 
type joint which can be formed on a simple press 
brake found in virtually every metalworking shop 

Mr. Paret concluded, “Many of the technical prob- 
lems that loomed as serious deterrents to the use of 
metal curtain walls in the eyes of architects are 
problems that can be quite easily solved by experi- 
enced fabricators in the metalworking industry 


New York's newest office building, the Socony-Mobil Build- 
img, uses 750,000 ib of stainless steel. The preformed 
ponels would cover |! ocres 


t 
> 
Sus 


ELECTING the supervisor or management trainee 

is a complex and hazardous business. In a survey 
of management development activities in 460 com- 
panies, the American Management Assn. developed 
a series of conclusions 

Managers cannot be developed, but they can be 
to improve and develop themselves. They 
are best developed by becoming absorbed in a task, 
a challenge, that enlists all their abilities, energies, 
and determination. Through such a task, they will 
turn to the development and educational aids that 
iy offers in the training program. The sal- 
is a poor one to emphasize in man- 
Rather the individual must 
initiative, duty, accomplish- 
identity, and integrity. The management 
trainee must participate in the planning activities 
and be given as much responsibility as possible 

Most of the conclusions given in the survey refer 
largely to the psychological growth of the trainee 
The major question then in selecting supervisory or 
management trainees is whether they have the basic 
psychological potential to learn, grow, and develop 


inspired 


ary motivation 
agement development 
satisfy senses of trust, 


ment 


as Managers 

Many of these desirable traits can be spotted in 
advance by utilizing standard psychological prac- 
ices. The first step for the company is the develop- 
ment of good recruiting techniques followed up by 
adequate intelligence testing. The personality of the 
candidate plus his past history are also pertinent to 
satisfactory selectior 

Approaching the problems of selecting manage- 
ment trainees on a scientific or objective basis re- 
ults not only in a cost savings for the company, but 
rease the disappointment and frus- 
Industrial Psy- 


unsuccessful trainee 


cholog In a national psychological research or- 
ganization, points out that, “while the rank-and-file 
employee in a company is an investment of about 


$300, the supervisor or management trainee runs 


between $1000 and $5000 “ 


U TILIZING the principle of magnetic cooling, a 

new refrigerator has come to within a degree of 

559.6 F. Developed by Arthur D. Lit- 

le Ine. the design is based on a cyclic principle of 

magnetic cooling originated by J. G. Daunt and C. V 
Heer of Ohio State University 

There are no moving parts or flowing fluids in the 


absolute ze! 


cooling system. It uses, instead, a plastic capsule 3 
in. long containing a special chemical salt as the re- 
frigerant. Operation of the refrigerator is controlled 
entirely by external magnetic fields 


The fact that certain materials will warm up 
when magnetized and cool when demagnetized has 
been used for several years in a few cryogenic (low 
temperature) laboratories for achieving extremely 
low temperatures in the range of absolute zero. The 
new apparatus is the first that has been able to pro- 


duce these extreme low temperatures and to main- 
tain them for long periods of time. Previous equip- 
ment would immediately begin to warm up as soon 
as the low temperatures had been reached 

In the new refrigerator the phenomenon of super- 
conductivity is utilized. This is a change that certain 
metals undergo at very low temperatures in which 
they lose all resistance to an electric current. At the 
same time metals in the superconducting state act 
essentially as thermal insulators but conduct heat 
readily when not showing the superconducting effect 
It is this thermal phenomenon of superconductor 
that is employed in the ADL machine 

The magnetic refrigerator will enable metallur- 
gists to carry out many new experiments aimed at 
getting a better understanding of the basic laws of 
matter. Many of the subtle changes occurring in 
atoms and molecules are difficult to measure at ord- 
inary temperatures because of their rapid move- 
ment. But at low temperatures near absolute zero, 
atoms and molecules become quiet and can be more 
easily studied 


Ivon Simon, reseorch physicist ot Arthur D. Little Inc, 
operates the magnetic refrigerator The temperature of the 
refrigerated spoce, the slender tube at the lower left, 
comes within a few tenths of a degree of absolute zero 
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per month. A plant in Houston, Texas, owned 
yintly with Armco Steel, can push out 200 miles 


per month. Both plar ts rv 


Sets of 


ake sizes from 8%” to 34” 
‘ontain & to 32 nickel iror 
supplied by Lindgren Foundry Co., 


dies castings 


Batavia, Ill. 


Nickel cast iron shapes oil line pipe 
...outlasts unalloyed iron dies 5 to 1 


100,000 CARBON STEEL SHEETS shaped by a 


single set of dies in use 


more than two 
ea>©rs 
That's how nickel cast iron helps to save 
mone n the production of and gas 
ipe at A. O. Smith Corporation, Mil- 
ee, Wise 
The shee get their initial lengthwise 
bend so their press into final « nari 
‘al form...from heat treated 1.50 nickel- 
chromium-molybdenum cast iron dies 
Wear resistance of these dies contributes 
ask idvantages lime? na accu- 
These advantages cannot be overempha- 
sized . even slight variations in size 
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would cause rejections, because line pipe is 
welded in 40-foot sections at the plant and 
later the lengths are joined together in the 
field 

Unalloyed gray iron dies, previously used 
for shaping pipe, wore rapidly and thas 
increased rejections. 

In contrast the nickel cast iron dies 
not only reduce rejects, but also give more 
than five times the service life of the un- 
alloyed ty pe 

Whatever your industry, when you face 
questions about metal, let us give you the 
benefit of our wide practical experience. 
Write for List A of available publications. 
It includes a simple form that makes it easy 
for you to outline your problem. 


THE INTERNATIONAL NICKEL COMPANY, INC. 


New York 5. Y. 


. a 
aie art the ‘ ling | art tee heet nt 
ar urge diameter line pipe. sing 
4 The Milwaukee plant 
jg": fA. ' nith Corp. has produced 400 miles of pipe 


Journal of Metals 


TV is used to inspect chrome plated blades on lithography machines 
at the American Can Co., Cincinnati. Twice as fast as in- 
spection by microscope, the TV set magnifies the blades' 
thin edges 288xX. At the same time two thin vertical lines 
on the TV screen check tolerance limits. 


W. Lunsford Long, president of Tungsten Mining Corp., described a 
new powder metallurgy alloy made from tungsten and small 
amounts of copper and nickel. The alloy has almost the same 
tensile strength of cold draw steel, is non-magnetic, non- 
rusting, and highly resistant to atmospheric corrosion. 


Aluminium Ltd. is planning to double production of alumina in 
Jamaica. Present capacity of the Jamaican works is 230,000 
tons per year. The new expansion will increase the potential 
output to 543,000 tons a year. 


Dominion Foundries & Steel Ltd., Hamilton, Ontario, is planning 
a $12,000,000 expansion in buildings and equipment. A part 
of the program is slated for the addition of a second contin- 
uous electrolytic tinning line. Dofasco's oxygen producing 
plant is also being enlarged. 


U. S. production of primary magnesium during 1954 declined 26 pct 
from the 93,075 tons produced in 1953 according to the U. S. 
Bureau of Mines. Estimated world production was placed at 
140,000 tons, a drop from the 1953 figure of 170,000 tons. 
The U. S. accounted for more than 49 pct of the world total. 


The first section of the 12 section E. W. Davis taconite plant at 
Silver Bay, Minn., is now in operation. When completed the 
entire facility will have an annual capacity of 3,375,000 
long tons of iron ore pellets. 


The widest Sendzimir cold reducing mill is now in operation at 
Republic Steel Corp., Massilion, Ohio. The Sendzimir mill 
can roll sheets up to 46 in. wide at 713 ft per min. It is 
a major facility in Republic's expansion of stainless steel 
operations by 25,000 tons annually. 


Armco Steel Corp. plans to spend $111,000,000 in a new expansion 
rogram. in addition to rounding out processing and finish- 
on facilities, steel ingot capacity will be increased 
1,176,000 tons from the present annual capacity of 
4,950,000 tons. 


Westinghouse Electric Corp. has developed a zirconium alloy, 
realoy-2, for use in atomic reactors. Containing 1.5 pct 
Sn, 0.12 pet Fe, 10 pct Cr, and 0.05 pet Ni, the alloy is so 
resistant to deterioration under reactor conditions that 
corrosion in a year was measured in ten-thousandths of 
an inch. 
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_— oast month all members of AIME were re- 
sested by the Board of Directors to vote on the 


‘ jt n 
BE IT RE ved. that the name of the organ- 
vation be changed from “American Institute 
f Mining and Metallurgical Engineers, Inc 
t Arne mn Institute of Mining, Metallur- 
‘ ind Pet eum Engineers, Inc 
r? slot sent to members als ontained a note 
Secretary of the Institute. In it Mr. Kirk- 
" emarked that 1919 was the last time the 
id hanged. The membership of the 
Institute {f Meta was added to AIME 
j ncluded. With the rapid 
t im member! he continued, it 1s 
te that the Ww 1 petr leum be added 
Witt ntinu expansion of the Institute, 
k up the circumstances of the 
4 B. Parson History of the 
n Seventy-Five Years of Prog- 
e Minera ndustry gives the background 
tecni ‘at cene of 1871 the 
vik “ 
eul ndustry wa till an infant 
ta Vel neal Titu ville 
2 years earle The chiet 
‘ burn in lam} for 
Dull was 6 yea 
rhe f t from petroleum 
ew t) f a nuisance, and 
ed a tthe ible 
tumir had passed that 
few yea before 1871, but heating 
the principal use of Doth kinds of coal 
pig nin 1871 was a fairly 
he easte tate but 
ind M nuette und «these vere 
rhe a crea g quantit 
Pus ed the t f ir- 
OOO ft | te vere duced 
\ tee nad be ace eact ear since the 
{ | t wa t velt The counts 
he tremend extensior it 
that wa e DacKkDone f steel 
per n ¢t ige 
‘ t Ci it i Ww 
t ige it led to use 
ad mn) wire rt had never beer 
hest t lings 871 were eight and 
‘ ‘a Vere acture of 
Not unt about 20 ea ate lid 
ye t i rY 
arrive t entirely f m Muichig 
ippe i but t much wa eeded 
act leve pment f the elect ly at and 
mot wa t achieved unt at it 880. Butt Vas 
t camp, and alti igh prospect were 
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roaming Arizona, the Apaches made much trouble 
and production of copper was negligible 

G—Portland cement was manufactured for the 
first time in the United States in 1871 at a small 
plant near Allentown, Pa 

H—Sulphur was obtained in small quantity from 
pyrites, but the chemical industry, to which sulphur 
is vital, was only of minor importance at that time 

I1—Aluminum and magnesium were industrial and 
laboratory unknowns in 1871 

The original call for the establishment of the new 
professional organization was dated Wilkes-Barre, 
Pa., April 1871. The authors of the call explained 
their reasons for desiring this type of society 

“It must be evident to all practical men that the 
interchange of the varied experience of those en- 
gaged in such occupations in this country, could not 
fail to advance very materially the desired objects 
it is therefore proposed to establish an American 
Institute cf Mining Engineers, which will hold its 
meetings periodically in the great mining and metal- 
jurgical centres, where works of interest, such as 
mines, machine shops, furnaces and other metal- 
lurgical works, can be inspected, and the members 
exchange their views, and consult for mutual advan- 
tages upon the difficulties encountered by each 
these ‘Transactions’ or ‘Proceedings,’ when pub- 
lished. would form a most valuable and greatly 
needed addition to our professional literature 

What were the thoughts of the men who gathered 
in Wilkes-Barre for that first meeting? The follow- 
ing excerpts from a pape! presented in 1872 by 
EC. Pechin, steelmaster of Dunbar, Pa., give a 


Ue 


The time has come when scientific resear« h is to 
assume its true position—the day of ‘sheer force and 
blind stupidity has gone forever! the physi- 
cist. the geologist and mineralogist the chemist, the 
engineer, are as essential to success as the blast fur- 
There is no merely practical man, 
no matter how varied may have been his experience, 


nace itself 
or how long his practice, that will not benefit from 
the results of scientific investigation That there is 
a growing sense of the importance of having thor- 
oughly prepared scientific men in ever) depart- 
ment of business is evidenced by the institutions of 
higher learning that are springing up in different 
quarters, provided with able tea hers We sum- 


nani- 


mon to our aid all that science can afford, me 
cal ingenuity devise, money purchase, and energy 
and ability achieve, and when this is done, we fain 
must confess how little we have accomplished and 
how little we know compared with the vast possi- 
bilities that lie before us.” 

These are remarkable and prophetic w« rds' The 
members of AIME in the mining, metallurgical, and 


petroleum fields have been the workers the re- 
searchers, the engineering and scientific shock troops 
that have made the ideal of the founders a reality 
in 1955. In addition to giving recognition to a dy- 
namic section of our profession, the prop sed change 
in name of the Institute will, we hope, constitute 
another distinguished landmark in the history of 


AIME 
Ed Weiss 


| 
i 1 
‘ga f 
4 
| 
‘ 
q 
if 
i 
4 


ANYGWOD NOILINUYLSNOD NVSYOW 


NOU! ONY 13N4 OAVYOTOD 


NvoxoW 


> _ 4 


NEW 75 KV 


Micwteope 


HIGH POWER, MEDIUM PRICED INSTRUMENT FOR EDUCATION, 
MEDICAL, BIOLOGICAL AND INDUSTRIAL INVESTIGATIONS 


EM n Micro fler ua ility viding most of th ut 

he Philips ha popul pted. It vide ntinu ly 

i ing reet diamete ella r ing pot tial 

t vd Atovot 

t \ ir hange. nt in 

harp ier holds filn 

mi a | 
} t it he numer problen i pment, mve igation, re 
it fi vi supy ing data n 
hig if mi py 


PLILIPS 


it 


COMPANY, INC. 


750 Seuth Fulton Avenve. Mount Vernon, N.Y 


Seri ing Science 


and Industry 


| 
og: 
| | 
ve 
| 29a 
| 
| 


Uniform Density and Structure Possible 


With Simultaneous High Pressure and Temperature 


by R. Humphrey, M. Vilella and L. W. Tomarkin 7 


HE Vitron process subjects substances, especially ng temperatures under appropriate conditior rhe ; 
powders, to the simultaneous action of high tem- Vitron process can make such compositior inde o 
peratures and pressures. Under these extreme con- pressure in seconds and obtain homogeneou olid 
litions, phenomena occur which result in the forma- bars. This phenomenon occurs because of the simul . 
tion of compounds possessing Many new properties taneous action of high temperature and pre ire WU : 
In a similar manner, chemical processes can be cat a variable volume chamber. The high heat energy 
ied out by the Vitron process at high pressures and ippled coupled with the simultaneou actior of 
temperatures, that differ in theory and scope from high hydraulic-like pressure forces fuses the minut 
the present use of autoclaves or bombs as reaction powder particles into a forged bar 
chambers. In reality, the scope of the work being Initially, small pellets \% in. diam and 1 in. lor 
carried out is extensive, and only an attempt will were made, Fig. 3. Now, with experience and i: 7 
be made to summarize interesting aspect creased knowledge of this process, bars of | in. dian : 
In the production of metals or alloys from powders, and 4 in. long are common. Fig. 4 shows ba zm e. 
the Vitron process differs from powder metallurgical currently being made. Commercial e wire | ¢ 
methods in that the simultaneous action of extremely f various metals have been produced. It should =| 
high pressures and temperatures can be employed also be possible to produce large ze ingots on the a 
Work has been done with the simultaneou appli- rder of 100 to 500 lb by this proce | 
ation of pressures on the order of 40,000 atm with An important feature of the proce that if o 
temperatures exceeding 5000°F. Even higher pres- minimizes wear and tear and the need for replacir wi 
ires may be obtained by modifying present di Lie Dies can be used for over 50,000 cycles befor ae 
lesigr In addition, the proces not limited to repair or replacement become necessary. The rea A 
powdel aw materia a juality that the die chambe tselt expendablk na 
ngots have been made from chips, turnings, sponge inserted into a die } le \ hable metallic ' 
crap, etc., as can be seen from Fig. |! ‘ ng acts in two w A—t t ite the di | 
The Vitron proce n action approaches a true irfaces, and B—+t ite the een refract« he = 
hydraulic systen By utilizing the prope metallic ntainir the chara feat accompanied 
lubrication and spacing between the die holder and by a unique method of isolating hard powders or o 
lies and pre ngs, shrinkage of compacted powde ibrasives from all the wear irfaces of the dic 
juring consolidation is radial as well as longitudinal 7 
Tt tne { ‘ act ne on tre oe ‘ rT 
pacted and fused are equa na directior 
condition is analogous to that of a i immersed a 
ire F exampit a j act i Dase met r ‘ 
been completely clad with tungsten, tantalur nd : 
arbide hown in Fig. 2. Ir idition, met : 
liamona ce ana the I able ipstance 
have been | juced 
The use of tl hydraulic principle in a met 
irgicai ct na tw ivantage | 
pre ngs of greater length can be made without 
ibstantial difference n pt i tructure and 
iensity from one end of a t to the ot Rod 7 
having a 10:1 itio OT length llamete nave bee! 
Dieeding egregation of ar iia pl ‘ nt 
constituent eliminated. Other advantag e that 
ong fusion pe is are not quired to mal i © 
ba got Tungsten powder (65 mesh) 
onverted into a solid tungsten bar in Ik th ] : 
2 
Certain alloy such as stainl tee] when made Z 
by powder metaliurgical edures apf ach equ 
t onditions or after iong SOaKiIngs a nte 


R HUMPHREY, M VILELLA ond L W TOMARKIN are Chief 
Metallurgical Consultant, Vice President in Chorge of Research 
and President, respectively, Vitron Research Corp, Pearl River, N.Y 


Fig 1—Vitron process permits the moking of good quality 
ingots from scrap. A titanium sted is shown mochined ‘ 
from ingot of reclaimed scrap 
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4 
Aer! 
Fig 2—Surtaces of base metal can be 
metals At left tantalum cled carboloy blonk and at 
ght o tontalum clad common nai! 
‘ 
| Nar 
e thar pct wa 
cate Magma 
h ce ‘ 
temperatu 
i 
‘ e indicates that 
met mpacts car 
rye nf il 
Chemical Reduction Processes 
rhe t ut J it 
| 
1, 
Fig 3—Tontolum ond tungsten molded to their theoretical 
| densities, Consolidetion of powders is shown when com 
pored to their orginal! comtamer 
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pressures and temperatures causes the reaction to 
occur in a constant volume chamber at variable 

essure In the Vitron process, the reaction occurs 
exactly in the reverse. Here the specific high pres- 
ire kept constant while the volume of the re- 
action chamber is a variable. This is an example 
f the 5 ciple of Le Chatelier-Braun, which states 
that enever stress placed on any system ir 
i State f equilibrium, the system will alway $ react 
mn a direction which will tend to counteract the 
applied stress.” This principle governs the phe- 
nomena occurring when aiterations in equilibria re- 
ilt from changes in both temperature and pressure 
hus when a system in equilibrium is subjected to 
im increase in pressure, a reaction will take place 


Fig 


which will favor the smaller volume; if the pres- 


4—Bar sizes currently being made are shown. Large 


size ingots on the order of 100 to 500 Ib are possible 
n the system is decreased, a reaction will take 
} vhich will be favored by an increase in 
Again, when a reaction absorbs heat, addition of 
tw 11a fav t and the eact n would proceed 
t greater extent at higher temperatures. Con- 
‘ when a reaction liberates heat, addition of 
heat w i tend to inhibit the reaction, and at 


Pheoretically, reduction reactions involve a change 
wide f 
eve ta 
an in 
esses. F 
minates th 


d 
«i 
4 
t 
ane temperatures the reaction would tend to re- 
verse t<elf 


Fig. 5—Nickel, xir 
conium, ond titanium 
phosphors have beer 
produced. Industrial 
production is possible 
on any scale 


reaction metallic nickel and phosphoru 


act heat and pressure. Practically no phosp! 


system would also 


use ri 

side effects, ’ Vv 1e ion in the reaction. The technology 
tants 

important law of equilibrium applied in i 

processes is the phase rule of Willard It forms ar itectic at 

tices inde tanagara 

tion. When in 


1ase rule establishes 
contact with mo 


It el 


hosphors can be in 


and can be 


ordinary 


between the n nent n with little or 


ing | hases 


s of freedom. The 


‘ 


the number of com- 


equl- 


luce 


res 
pressure. Ir 
linarily omitted 
is assumed to be substantially 
ric pressure. Thus, the 
ms possible, have been 


rr 


ron process, pressure may be vari 


oome nicke 
of Rc 60 to 65 


tions increase 


of possible reac 


The general scope and magnitude of the 


quite large. Thousar 


alloys, and metals can be 


ocess 
can be expected to p< 


sified desirable electrical, mechanical, 


| properties 
Specific Projects 

preparation of 
direct reductior 
by Vitron Research 
thermic i go t 

when initiated 
nearly 100 pet 
secondary roduc 
inated 
with the advent of the Vitron 
complex alloys, et 


iced under economical conditi 


xampie, wher 


reaction 
high temper 


rsatility 


nickel-pho 
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mt 
: 
, 
; 
flushings us is lost 
deleteriou trial pro 
of the rea ted on an’ 

Anothe 
metallurg » melted 
Gibbs. The nditions 
relationshi} e molter 
a system, the t ferrou 
librium, and the i some ceramic fluxing 
legree of freed or eliminate preliminary pick 
ponents, the ter sand blasting of irface to be 
studies of tod: bond is of a chemical nature th 
a variable and rm etted areas is absent It 
stant at atmo method ich as hot dipping and 
of states, and carbide and |} perly appled wil 
the number wees mani- tion | phosphor coatings have a hard 
foldly nd nm he hed ty 
: Ly ness ind ca ep ed to a lu ou 
p is { on The addition {f one ofl ever: metal to the 
d ot initial constituent a ‘ nickel pho - 
ta] ssess phor alloy f high hardne Its inherent hardne : 
(ie phys- wear and corrosion resistance, and nonsparking 
ica characteristics will probably make nickel-phosphor : 

alloys lesirabie in mal industria peration Fig 
») shows some of the phosphors obtained i 
rie on proce na Wink unique 
are 
r 
t ne 
‘ A The bodi« treated are ipbjected to torce aj 
re tior 
proaching true hydraulic pre int thus permiuttin,; 
“3 _ iniformity in density and structure throughout 
B—The die chamber which a is an electric fu 
re ides in) 
nace ls expend é 
ar be 
( The « t of this expendable chambe is nes 
or gible in relation to a pound of | juct produced ; 
I 
‘ , Ca D Thi proce pe ionged exposure to 
pl 
be p! ; ‘ cont lled high temperature wind pre ire without 

For eR): applying the principie of the harm to the apparatu lie - 
Viti r proce te the rr ultaneot redi ction of tita- 
pro iu « The life of the ay pa tu ind die holder j 
nium in the presence of variou her oxide J he long. It is not unreasonable to expect a die holder to 
hron cobalt. nickel, metal alloy of high 
purity are obtained in one cycie with optimum con- on 

A The ‘ t of manufacturing al low due to 

or nea +} ult } si is el elimi- 

— — “6 the short individual es of operatior 
nated by known and accepted standard procedures ee : 
Thi proce ena tself pract i to the pre 
juated it W ild be omewhat a 
duction of many bodies t mea electrochemica 
(rutile) + Cr, ( r vl Oxide + Mg or Al (reducer) 

volving the applicatiol i high pre ire 
> Ti and Cr, Co, or Ni Slag 

ay ature variable volume conditior 

Another example of the vel of the Vitron 

Acknowledgment 
n va is percentage f phosphorus to a maximun 
if 25 pet rn t Most metallic pho phoru allo’ The research and deve } ent ith I a na 7 
have unique physical properties. Nickel-phosphor 1 been made p< ble t! igh the ipport of Paul 
ar itstanaing ¢ xample It is made bv the direct Casavina 
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lodide Process 
Produces 
Ductile Hafnium for 


Fabrication 


by J. G. Goodwin and W. J. Hurford 
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wT 
ane M has become prominent in the atom 
ene field as a material for control devices 
nr P 


luclear reacto! of it high captive 
-section hafnium contro as a Oo ad- 
ist the Gat vit of the react core con- 
trol is completely inserted in the high 
thermal-neutron-absorption of the hafnium will 
event the r r eaction fror tarting 
ihe earth crust contains app! ximately 0.0004 
pet Hf which makes it about as pientiful as arsenk 
bery ir germaniul anda iraniun ana more 
pientiful thar mercu tantalum niobium and 
ve Associated with zirconiur minera n con- 
entration f between U.5 2.0 pet, nafniur 
sa ecove rt } a da DV-DpI if Z or 
I btau ft ductile hafnium ar ide proce 
milar to that used for zirconiur employed The 
ma difference between the two | CESSES s the 
higher decomposition temperature of hafnium tetra 
lide. Zirconium tetraiodide decomposes at about 
2190°F and hafnium tetraiodids lecomposes at 
about 2820°F 
The present high cost of the metal ($75 per Ib of 
c! al bar hafnium) makes the yield in the process- 
! if the metal a matter of utmost importance. If 
hafnium were not a by-product of zirconium pro- 
juction, the t would probably be $275 to $300 
pe hatinium 
Melting Techniques 
4 double arc melting process had proved to be a 
pract ble ethod for the consolidation of iodide 
Nal i ( tai Da nto a fat cabie torn The 
ethod to nonconsumably arc melt chopped « 
lal Da nt aZ*e dian ngot using a tungste! 
tipped electrode and then tu consumab! arc melt 
the 2 liam ingot into a 4 in. diam ingot. Fig. | 
wre furnace 
\ e melted 2 n. diar ngot how 
rig ina onditior tne woubdie ar meited 
et and ingot fi are given in Table I 
\ proce that pe ts the direct production of 
ind ingot dide hafnium tal Da ha 
ecent een developed. It ! ts of tack welding 
rhe hatr if crysta Dal nto a cor imabd!t 
ont hown in Fis Fig. 4 shows how the ba 
ittached to the copper electrode and Fig. 5 tl 
elt ire adhered t with the exceptior f 
he > rie irrent (2800 to 2900 amp) 
Melt topped whe the calculated ve nt 
i ‘ melted The crucible with the nsun 
t t nsterred t tu ten tipped elect 
furnace where the | atte i! elted dowr 
i the tt elted. By construct the elec- 
trode that the crystal ba ‘ ned as in Fig. ¢ 
the ingot weight can be controlled to +0.1 Ib 
Ingot Quality 
Ingot produced by consumable techniques are 
puite sound The aver: hardness the ngot 
171 Bl t UUU Kg) if than that for ingot 
luced imable methods (184 Bhn pe 
000 kg). The double melting method has the advan- 
age nating ar cher a nnon geneitie 
which may exist in the crystal Dar It also permit 
the blending of iscrap during melting. The single 


J. G. GOODWIN and W. J. HURFORD ore Associate Engineer, 
PWR Metallic Fuel Element Development Section and Manager, 
PWR Fuel Laborotories Section, respectively, with the Atomic Power 
Westinghouse Electric Corp, Pittsburgh, Po 


melting process provides a method for the rapid 
production of sound ingots 

In ingot conditionin surface fusion is accom- 
plished by rotat t on a lathe fixture shown 
n Fig. 7 and rur 


The ingot on the 


ld bead over the pe! iphery 
id side of Fig. 8 has been 


conditioned by » fusion. Fusion is done in a 

chamber showr ; under a helium atmos- 

phere at a pressure slightly greater than one atmos- 

phere, using a thoriated tungsten welding electrode 

Power requirements are to 300 amp at 17 to 

24 v. The yield from crystal bar to conditioned 
got is 99.8 pct 


Surface fusion has a distinct advantage over other 


types of conditioning because it removes the ma- 
ority of porosity usually found beneath the surface 
of arc melted ingots. Prior to the advent of surface 
fusion, the porosity beneath the surface was not 
removed and would appear on hot rolled plates as 
surface defects To obtain a defect-free surface on 
a machined plate, extra stock had to be allowed for 


removal of the defects. Because surface fusion elim- 


inates sub-surface porosity (and thus fabricated 
surface defects), plates can be hot rolled to thinner 
Size with yield increases of up to 15 pet. A con- 
iderable saving of mate i entailed t the use 
of this method of conditioning, as less metal is re- 
juired pe plate and Ik metal converted to 


machine scra} Table II give the chemical analy 


of hafnium plate 

Althoug riginally developed for short mall 
liameter ingots, the surface fusion proce has been 
idapted f the conait ning I 

rconiun 12-in. dian -tor 
cor ur al loy I ot 

Fabrication 

Nitrogen and oxygen dissolve in iodide hafnium 
and decrease the or temperature ductilit and 
ncrease the hardne As in the case of iodide = 
cor ir elevated te perature educe the effect ol 
these d lved ‘ ind the metal can be hot 
worked wit? it lifficult 

Heatir f iodide hafnium for pre ng in the lab- 

ate Is aone nan electric GU bar furnace heat 
ng for rollir done in an electric re tance fur 
nace A constant flow of argor maintained in the 
‘ tance furnace t r niry e the ox lat n of the 
hafniur Commercia i ind | fired furnace are 
at factor pro\ ing the precaut mmer led 
for coniur ich as the removal of scale from the 
furnace, clear of the hearth, and protection from 
lirect mpu ‘ ent of the flames ire adhe ed to 

The apid and uniform heating of lead batt and 
‘ rT The tr de at act methoa 
I heating e hafr int Usually chloride alt 
hath e used with the concentration depending 
ipon the temperat ( ange ae ed. In addition to 
the high rate nd uniformit f heating offered by 
alt t the molter alt adheres to the urface 
educing xidation and providing a lubricant fo 
ertain types of fabrication such as extrusior 


Forging of 50-lb, 4 in. diam iodide hafnium ingots 


ha bee! Icce fully accomplished on a 300-ton 
forge pre and on a 5-tor team forge hammer 
Before taking heav reductions during forging, it 

nece a t prear ip the cast tructure which 
ften contains extremely large grain This is ac- 
complished by pressing a 4 in. diam ingot at 2000°F 


Table |. Conditions for Double Arc Melting Process and 
Ingot Hordness 


First Melt Second Melt 
Data (Nencensumable) (Consumable) 


Melting rate ib per Ay x b pe 
At sphere 2 heliu 
Pressure 
Current 120« 230 2M 
Crucit “ 0 gpr 4 KY 
Ingot h 

8 


into a 3% in. square with reductions of approxi 


mately 12 pet. When properly heated and the cast 
structure broken up, iodide hafnium ingots have 
been given a maximum single reduction of 45 pct 
4 pressed slab 14x52 in.x length for the produ 

tion of strip is produced by heatu a conditioned 
ingot for 1 hr at 2000°F and forging to a 3% in 
square. The billet is reheated for 20 min, after which 
t is placed lengthwise on the anvil and pressed to 
2 in. thick. Another 20 min preheat precedes the 
hinal forg ne to a |! x ler ur it Aft 

né n r, the lat are abrasive blasted to remove 


the oxide and conditioned by spot grinding 


Strip Fabrication 


lodide hafnium strip is produced by heating a 


lt, in. thick condit ned at I 
prior to hot rolling. An electric re 


with a constant flow of inert ga \ 


Fig. |—A tungsten tipped electrode orc furnace is used to 
nonconsumably arc melt chopped crystal hofnium bers into 
2'2 in. diam ingot 
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Fig 2—Chopped crystal bar hofnium feed stock ond 2'2 in 
m nonconsumable single melted dide hafnium ingot 
hown 
\ il ha 


Fig. 3—lodide hofnium crystal bors are joined for con 
sumable arc melting 


1164—JOURNAL OF METALS. NOVEMBER 1955 


a cold worked structure and should be annealed 


Present practice is to anneal '% in. strip for 30 min 
at 1700°F after the final pass 

The oxide is removed from the strip by abrasive 
blasting because it cannot be removed with com- 
mercial caustic or sodium hydride baths and or 
vary acids will not attack it. Hardness values for 
annealed iodide hafnium strip may be found in 


Table III 


Rod and Wire Fabrication 
The similarity between iodide zirconium and 
odide hafnium is quite evident when fabricating 


Fig. 4—Tack welded hafnium crystal bar stub at finish of 
consumable arc melt is shown with attachment of crystal 
bors at the copper electrode 


ind wire Rods have been hot rolled commer- 
f ise as wire drawing stock. Wire drawing 
t maae ¢t fo ging a 4 I lla nt 
yuare with t ken corners followed t hot 
ve ling at 1800°F t 1 5/16 I ind Eact 
" the groove l $s an oval except f the 
‘ The 5/16 in. diam i andblasted and 
eparat r a t elect até 
A fte the is are coppe plated, the ire giver 
nre« axed iime tings. The pe ana ne are 
wire iraw it ant Urawing act 
hed by taking individual draft f 10 to 20 pct 
nnealing at 1400°F f 0 r att eact 5 
total reduction. The phosphate coating developed 
im na cor j wire 
a been found suitable f irawing lide 
im 
H led is can be made int 1 drawn 
waged rods by following the same procedure a 


=— 
ri 
| pts 
itt 
rs 
| 
a 
> 


Fig. 5—lodide hot 
nium consumable 
electrode stub with 
threaded hole tor 
screwing onto the 
copper electrode is 
shown here 


ised for wire drawing, that is, 10 to 20 pct indai- ne to the billet surface appears to be a good lub: 

vidual reductions with intermediate innea it cant A ibricant of metallic lead dispe ed in a 

1400 F for 10 min after each 5 pet total reauct n carrie f heavy oil ha also been found to be ati 

The lubricants for cold drawing are simuar to those factory. It has been found that temperatures 1 

used for wire drawing. Swaging does not require excess of 1800°F are necessary. Standard hot work 

lubrication tool steel, 9 pct W, 0.35 pet C. is used for tooling 

Extrusion 
The extrusion of hafnium shapes has met wit! wy 4 

the same problem as was encounte red in the early _. COPPER ELECTRODE a 
extrusion of zirconium, namely, finding a lubricant S a 


that prevents galling. To date, extruded hafniun 


shapes have been limited to rods or sim} le shapes 
Successful extrusions have been obtained by extrud -OPPER ADAPTER ; 
ing bare after heating in a salt bath. The salt a iher- : 
~ 
Table Chemical Analysis of Plates from Nonconsumably RYSTAL BARS 
Arc Melted lodide Hafnium Crystal 


| 
| 
| 


Element Ranger Average 
Hf M | ro 
\ 
TO FORM CONSUMABLE 


= 


2 2 ii} 
2 
8 
J. Hurfor wd J. Met tick WAPD-RM-18 2 


1953 Fig 6—Diagram shows how iodide hafnium bors are joined 


into a consumable electrode 
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ce 
2 
| 
FLECTRODE 
Me 
= 
| 
TH 


g 7—The lothe fixture 


Hardness of Hot Rolled lodide Hafnium Strip” 


Strip from 
Consumable Electrode 
Dats Are Melted Ingots 


fe the surtoce 


Fia right is o 


nsumable arc melt 
ed iide hafnium in 
got with splotter ring 
melted down ond 
scrap additions mode 
and at left o similar 
agot nditioned by 


surtoce tusion 
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70.000 


r 
en used 


Cold Rolling 


Ss Reductior atios as high a 


i hafnium strip and foil have been made 
trip can be ea luced t Ising 
NT nh Nas been Diasted and pickled 
he not! ed edge rer ved For best 
lua eductior r hickness should 
pet, and the tota eductior r 11a rt 
t wu it annealing Total reductior 
in be mace Dut g be mes 
The r terial extre é ensitive t 
juction. Edge cracking usually begir 
tre U pet eductior and the crack 
vith each icceed g educt I 
" nitiated at the 0 pet reductior 
ely si nto the meta Fig. 10 
percent reduction f odide 


ad thin as 0.013 in ha been rolled 


pack 1 at roon 
haf ir thicknesse to 0.005 i 

ym a Sendzin mill 
0.004 i have been obtained Pack 
( iture i teel has been at- 

heor CCE il for thick- 
O07 it It appea that tne tee! 
e rapidly than the hafnium and 


? 10 weer 


Toble 
; 
4 
Tt), 
4 evere “ 
for rotating on ingot is shown 
unit 


Fig. 9—Surtoce fu 
sion unit used for 

conditioning ingots 

shown 


i Table V. Tensile Properties of Annealed Arc Melted 
lodide Hafnium* 


Vield Reduc 


Machinin Strength Ultimate Flong tien 
Temperatare Tensile Pei in in 
Phe milarity between iodide hafnium and ; Pet Offset Strength tim Ares 
conium with respect to fabrication also holds fo1 Pet 
machining. Hafnium is slightly more difficult than 
reonium to machine and tends to shorten tool life . 22.4" 
49 46.104 4 4 
Like nal im tends to gall and build 2¢ 2.10 7.7 ‘ 
ym the tool unle proper machining techniques ar‘ 482 26 100 - 
ised; the tu ngs produced are easily ignited 0.70 20,50" 
hot chi 
Best results in machining hafnium have been ot * The t te ere established pe ‘ tested eit t 
+} rli +) +t te t fler te Dat pplied 
give a woth curling chip hickne 
re than the depth of the cut. This necessitate 
high rake and clearance angles. Feeds and speed 
must be adjusted that the cutting tool enters the 
vement an be attained harpening th 
metal beneath the work hardened layer which ge! . , y : arpening he 
to al mor t t 7 norn 
era not more than 0.005 in. thick normal, Sawing 
hafnium more difficult than sawing zirconiun 
As in the case of face pre 
; marily Dex ‘ { gi ng and the ab ac } 
ferred to horizontal ling for the f wing : ; has action 
m the iw blade 
reasor A—face milling permits the use of inserted 
carbide teeth, B—the cutters are general ‘ ex Welding 
er ve than those used for slab milling, and ¢ With the exceptior tf higher current require 
broken teetr e easily replaced Carbide cutter ment the veid ft hatniun milar t that of 
1 
with 6° to 10° negative radial rake and 10° to 15 coniu! ire irrent ised for ‘4 in. thick plate 
po ve axial rake give satisfactory results wher va between 160 and 200 amp at 16 v depending 
the blade are ground to % r x 45 chamifet ipon the penetration as ed, and the current used 
i@arance angle s from 4 to ¢t witt ap} ximate the cor pie te penetratior heet 1 about 
» \% in. flat at the bottom of the cutter give a good 10 amp at it 
finish Nate Hi ible o are used as coolant The irface ter ' fr lten hafr im appea 
The machining practice employed for aluminur to be quite high, and when insufficient currents are 
atisfact for turning hafnium on a lathe. Satis- ised, the metal tends t i erate in ball Be 
fact re iit can be obtained by ising back ana ( ist tana 1 He ment doe not } aquce 
le ike angles up to 0 Drilling of hafniun luctile weld t nec t ea welding char 
auses o difficult but when drilling thu ectior witt nert at phere f he ir r al 
In general t ha heen found that haf in veld . 
(beta quenched) ‘ tronge than the t e meta 
Table 1V. Hardness of Annealed Arc Melted lodide Hafnium” I late, all wel i e atu er 
electrode 
Annealing Annealing 
t onealing Time 
Hafnium thicker than 0.050 in. may be annealed 
Hr 20 Hr n air without introducing e thar irface con 
tamination, providing the time ind temperature 
2 “ 215 Vr 200 VI ised are not exct ‘ Hafniur n thickness le 
4 87 Viw 
185 Vt than 0.050 ir lid be anneaiec OT in ar 
nert ga atr phere \ isua nealing time and 
ed Mudge. Jr. WAPT temperatures are determined t hoe int of prio 
cold work and the thickne of the section. Present 
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nsequently the hafnium is torn so that it resemble 
probat prove a good method for producing 
less than 0.005 in. thick 3 


Table VI. Creep of Arc Melted lodide Hafnium Crystal Bar 


Creep Rate 
j Stress Plastic Strain, Pet Per Hr, in Per In 
y 22 92 30x 10- 
2 18.4 10 
27.00 222 10 
| 29.000°° 
MI ae WAPD 2 
ea f tensile d 


WA > +ONE STANDARD DEVIATION preferred orientation of rolled hafnium has been 


found to be essentially the same as that of rolled 


i Yd zirconium. Table IV gives hardness data for various 
nnealing times and temperatures 
Table V presents the tensile properties of annealed 
wet a elted iodide hafniun The specimens were 
innealed at 1650°F for 20 hr ir iwcuum prior t 
esting lat VI gives the creep information avalii- 
ipie to i neited lide hafr in 


Fig 10—Graph presents hardness vs percent reduction tor Acknowledgment 
melted wodide hotnium Appreciatior jue E. D. Baugl J. Halapatz 


na 
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Efficiencies of Electric Furnaces 


Can Be Increased by Using Higher Voltages 
by E. L. French 


furnaces can be increased by using higher volt tself. This in turn multiplied bv the thermal effi 


oo, of carbide and ferroalloy electri trical efficiency gives the power used in the furnac« 


ages and higner power. This points the way toward ciency of the furnace gives the power remaining to 
the use I irger furnaces and the redesignir of produce the furnace product . 
existing equipment The thermal losses are relatively less in large a 
I obta the benefit f higher efficiencie bv the furnaces because wher a furnace 1 oO ae gned & 
ise of! arge furnace t Ss nece i to « te at t! t it can torn t own crucible in the charg the 7 
highe voltage Tt especially true n 60 ime of the crucible will vary with the power A 
e pow? isea vhereas the losse from the crucible will va i ; 
The furnace me t i a ile prete wt t area If the crucible is cor lered a i phere 
; tage becaust when the voltage is raised ft the the powe will va as the cube of it liameter 
ame pow‘ nput, the electrodes move highe n the while the losses vary as the square of the diameter 
cha ind farthe m the tap ? The irnace tated n anothe ict nace the 
mav become hott n top, operate k - +} the , ‘ vill va as the two-thirds power of 
nd tappir t t may be i eased Tt 11a the pow ised in tl furnace 
ecte DV ising electrode of maller line of rea ning Wa t deve ped 
ect The r re ‘ stance would ca e ther W S. Horry, the nventor of the H vy rota ca 
t eek m™ tior n the charges nm t bide Turnace However, Hort ipphed reaso! 
I ntain the nai furnace ad ng to the total powe n the furnace circuit instead 
Such a change not alw a simple matte f to the power in the furnace elf and assumed ’ 
tr natu! tenaer eems t c t take the traignt 3 pct n transtormer! and secondat 7 
f least re tance and do nothing, even tl yp pe elect i SSE he electrical eff 
r ne 1 lead ve ‘ he encie Vary ove a wide nee nm tre ame furnace 
we facto! nighe oad facto it different load ind different v lage that 
ost nece il to take then if int before con 
New Furnace Design ring therma es in two cast 
New furnace in be properly designed f highs 
4 Es Advantages of Using Large Electric Furnaces 
equipment can be redesigned to sive hett ? With Higher Voltages 
ilts. Usually, however, furnaces are kept operating A _ Lower first cost per unit of power utilized. One tur 
as stead as power conditions will permit nd nace is less expensive to build than two of half the rated a 
management prefers to avoid interference with cor power 4 
tinulty of operatior Certain change f required B Lower labor costs per ton of product. Almost as much 
may nece tate shutdowns of some duration, whils labor is required for a furnace of o given size as for one of 
I the 1Sé a nece ary preparatior mav be twice thet size providing proper mechanical feeding equip 7 
r n advance that the actual shutdown time ment is used ay 
vould be a minimum C. Lower electrode costs per ton of product. Higher 
Prope T n of the circuit between transforme power per furnace required higher voltage to obtain a good ; 
and furnace of vital importance in order t he power factor, which means thot at ao given current density 
hot} wy reactance and low re tones ERAT in the electrodes, the size of electrodes required is rela 
the furnace and the latter in order tt a POR D. Lower power costs per ton of product. Larger fur * 
efficiency be noces have higher thermal efficiencies of relatively lower 
2 thermal losses from the furnoce itself. The electrical losses 
the elect il efficiens the rati i the re t in the secondary circuit outside of the furnace, at a given 
I f the furnace itself to the re tance in the voltage increase with the lood At the same power factor 3 
entire secondary circuit including the furnace. Hence ot various loads the electric! efficiency remoins the same 
the neces ty f keeping the esistance f the ite If at a given electrode setting furnace voltage is increased : 
é iit a minimunr the load will increase os the square of the voltage, but the 
The ‘ ie ered bv the transforme 4 nd electrical efficiency will remain the some At higher elec 
, to the fu ace iit multiplied by the ele trode settings ‘ie higher orc or furnace resistances) elec 
trical efficiency will increase 
EL ENCH is a Consulting Engineer, New York City - 
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Fig With a 
nput of 15.000 kw 
the effect of varying 
voltage on power foc 
tor electrica ther 
mal, and overall fur 
noce efficiencies 
graphed The remain 
mg power to do us 
ful work in the fur 


nace s shown 


Thermal Losses 
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be educ 
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ble w not form t 
‘ 
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i i- 
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Fig. 2 — Choracter 
istics of a 60 cycle 
furnace with the 
some reactance ond 
loss resistance used 
in Fig. | is shown 
when operated ot 180 
¥ over a current 
range from 10,000 to 
87,613 amp 


THERMA we R Re NG 
170 


7 
Fig. 3—Graph shows 
how efficiencies in a 
60 cycle furnace vory 
with the load provid 
ing 9 pct power 
factor is maintained 
ot each lood 
3 
¢ 2. { 24, 
ert nstance ome advantage with t? inge cycit the efficien owe at the lowe 
ment generally peaking the id are mn fav | voltage 
the triangular arrangement since furnace reactance Fig. 2 shows the charact tic f a 60 cycle fu 
w’¢ power fact highe ind the pl é Cal nace with the ame eactance and los re tance 
be Kept Dette Dalance Tr my acticable witt ised in Fig. 1, but oper ted at 180 v over a curre! 
the three re ingement. One itside phast ange from 10,000 ar ip to 87,613 amp 
wa be it ictive, lake pows ina pro data shows that at a given voltage the 
fuce it product \ Electric: efficiency lecreast a the loa 
Can 
Electric Furnace Data 
B Thermal efficien¢ ncrease is the load i 
ve conclusio! reached are based on a 15,000 kw 
creas 
three pn e furnace having a ngle phase eactance ( Overa furnace efficie! lecreast the 
f 0.00084 ohm at 6U cycle or 0.00035 ohm at Zo load increases but it 1 
cycles, and a resistance of Whe exiernn! ee by going to higher voltages at the highe 
iit (the sUO-Caiit iv tance ) 0.0002 onn load 
reactance choses ver than of many D—Maximum powe n the furnace circuit 
but not bevond the range f good reached at 70.7 power factor 
E—Maximum powe n the furnace itself u 
nal data elect al efficier ‘ at thi nstanes eached betweet 78.0 and 
it for the irpose of t! artich 79.0 pct power factor 
ourrs Although maximum pr‘ juction cat be obtain 
the furnace itsel! whic? lld be 
ita i9 pet power Tact not the optumun 
ibstantially correct, and then the thermal efncienc)y 
point of operat m. Fe nstar I omparing opt 
for any other power was Cak ilated tion at 79.6 pct power fact vit, onesetion at 91 
a fixed input of 15,000 kw, Fig. 1 show the pet powe oid overall furnace eft nie wou 
effect of varying voltage on power factor, electrical, —_}_ 73.3 pct as compared with 79.5 pet. Also whil 
therma am vera furnace eff encit and the productive kilow tt w _ ¥ ed 2300 kw 
emaining to do useful work i the furnace ild be nece ‘ idit 4340 kw 
Tt data shows that orde tn \pprox 
A—Efficienci mprove as voltage ncreased mately a 190 pct increase i! t of power per ton 
B—25 cycle furnaces are more efficient than 6% f product for the idlit ul ff juctior Ar the 
cycie furnace t the ime voltage sdditiona!l 25.000 amp pe e at the we 
( 60 cycle turnact ire rf re eff ent than 2 factor would increase current det! t in the elec 
cycle fu ace at the ame power fact trodes and increas t elative eate proport 
D It is not ade rable t« perate alr furnace electrode consumptior 
at too low voltage. Tt relative more If production at the de ed power factor t 
true of 25 « e than 60 cycie fu ace be- ifficient, then a higher voit hould t ised. Fig 
cause ig? tre equireda at 3 hows how efficiencit le furnace val 
good power fact un be obtained at a with the load providing 90 pct power! factor 
lower voltage with 25 cycles than with 6U maintained at each load 
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Short Cycle 
Heat Treatment 
Improves Low Alloy 
Pipe Production 


by James Kniveton 
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ODUCTION of high strength oil well casing 


m plain carbon and low alloy steels has be- 


required by the 


Ba equire- 

ry nt for tr Tet: Vas a ‘ trenegetlr of 

; I which a normalized and drawn, high manga- 

ese molvbdenun tee Vas considered necessary 

Much of the omium as well 

Steelmen f upsetting « 

achining end ovide for joining 

tlor m the difficult problen 
th pipe of tt 

Use of a short cycle heat treating process, 
eve now enables the steel indu to produce 
of 80,000 psi minimum yield strength from plain 
carbor tee with a minimum of manganese, con- 

erving important quantities of critical alloying 
element But tt low alloy steel pipe is no mere 

ibstitute t has } ven better than the original 
j juct in several important respect It is more 
machined than casing made t le methods 

i the new heat treating method promises to make 
practical the production of casing for extremely deep 

Ne with depths of 20,000 ft or more 110,000 ; 

i higher yield strength suitable for this us¢ 
have already been obtained with short cycle heat 
t itment 

4 ynventional heat and draw cycle heat to 

650° F, quench, draw at 1250°F, and cool akes a 

east 12? with high alloy stee The short cycle 
juench and draw takes only 10 min to attain the 
ime trengt! comparable oughne and supe 
it ty with pla carbon stee 
Short Cycle Equipment 
Key equipment in short cycle heat treating is a 
ndrical gas fired furnace developed by Sela 
C p. of America. A typi al installation consists of a 
erie f these furnaces—each of which is only 4 to 6 
ft ng and has a chambe liameter only slightly 
vreate than the largest diameter to be cessed. A 
predetermined, carefully cont led mixture of gas 
ind a fed under pressure t Te cup burner 
et int the nner wall of the fu Ne larly 
me n contact with the pipe because combustior 
mpleted within the durad t burner cu} 

Unif r high-speed heating accomplished 
tr igh gradiation, that 1 i high gradient, or tem- 
perature difference, between burner cup and work, 
producing a very rapid transfer of heat Dy a com- 
Dination of radiation anda convectior 

In 

ned 
oma 
pend! 

wid 

evidence of the value f high rates of rotation has 

1 to the use fa pal f large diamete wheels 
tu ng ix ain t paralie t the me rf pipe 
trave For i motion of the pips effected by 
ffsetting the ax if rotation as much as 15 

With either type of conve eat oller palr 
¢ wheels turned by an individual electric mot 


J. KNIVETON is Vice President, Selas Corp of Americo, Philadel! 
phra 


= 
fr 
“ick come commonpiace since the introduction of short 
; ycle heat treating less than a decade ag 
At that time, the strongest casing 
nda ‘ jefined hr APT 
ae. 
Me 
ak. 
: 
J 


Fig. |—Hardening and tempering oi! well casing in Selas Fig. 3—Quench ring with spray guards wos recently de 

short cycle equipment is shown at the Spang-Chalfant div veloped for short cycle quench and draw lines 

of National Supply Co 
The entire conveying unit is mounted outside of the may be controlled individually, or several may be 
furnace away from the higher temperatures. Special fired through a single control to form a heating zon 
temperature resistant alloys are needed only on The furnace contro] generally arra 1 to | : 
those surfaces actually in contact with hot pipe vide high heat output only when the tubi actu - 
Wear is greatly reduced, and both maintenance and ally passing through. At al! other time furnace 
control are simplified is idled for fuel economy, longer refractory life, and 

Flexible control is an advantage of the use of in- more efficient temperature control 

dividual barrel furnace units, also. Each barrel unit The high heat level may be controlled according 


Fig. 2—Seamless tub 
ing leaves the quench 
ring at Colorado Fue! 
& tron Corp mill 
Disk-type comveyors 
ore used in the 
quench line and roll 
type in the draw linc 
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Fig. 4—Welded oil 
ating leaves the 3} 
berre! normalizing 
turnece ot Lone Star 
Tubing is shiny ond 
scale tree although 
no prepored atmos 
phere is used 
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Fig. 5—Steel strip en 
ters forming section 
of the Lone Stor Steel 
Co's welded pipe 
production line 
Short cycle 
normolizing permits 
completely automatic 
production 


im-line 


across the short interval between barrel 
Lines in Operation 
furnace lines had been used previously on 
pes of bar and tube stock, but ths t con- 
ine for hardening and tempering oil well 
been in operation since 1947 at the Am- 
i., plant of Spang-Chalfant div. of the Na- 
ply howr 1. Here 30 to 50-ft 
ent tr x barre! 
init ind a high pressure wats pra o! 


| 5 nt ‘ i Lior i 
if bridge 
| 
| 


Fig. 6—Cross-section of Duradiant burner used in short 
cycle heat treating is shown. Combustion is complete within 
the cup (flow of gases indicated by dotted line), and heat 
is transferred to workpiece by radiation (arrows) and by 
convection of nonoxidizing combustion products 


quench, at speeds that range from 344 to 64% fpm 
One end of a length of pipe will normally be enter- 
ing the quench ring just as the other end enters the 
first furnace unit. The pipe reaches 1600°F before it 
enters the quench spray, which quickly brings the 
steel down to about 125°F 

A conveyor table moves the pipe laterally after it 
leaves the quench head, empties the pipe of any 
water that may be inside, and feeds the pipe into a 
draw furnace line running parallel to the quench 
line, at the same speed and in the same direction. In 
the draw line, the pipe is raised to about 1125°F in 
six barrel units, and then is discharged to cool slowly 
in the 

This installation produces from 4.8 to 5.4 tons of 
yuenched and drawn pipe per hr, ranging in size 
from 5% in. OD x 0.304 in. wall of 9% in. OD 
0.435 in. wall. The quench and draw line occupies 
5850 sq ft, with combustion controllers and tempera- 
ture control instruments occupying a separate room 
of 1400 sq ft. Two men operate the line, making all 
necessary changes for different sizes of pipe, check 


ng the automatic functions, and loading pipe on the 


charging table and baling processed pipe on the dis 


charge table 


In a similar installation at the Pueblo, Colo., mill 
of Colorado Fuel & Iron Corp., the draw line runs it 
the direction opposite to that of the quench lin na 
U-shaped arrangement. This installation shown in 
Fig. 2, which has only recent! begun produc tion of 
high strength oil wel! casing, contains eight barrel 
inits in each section 

One reason for having the quench line and the 
draw line separated late rally t illow for mechan- 
sm to remove any water which may enter the 
tubing as it leaves the quench spray. In an auto 
matic heat, quench and draw line recently con 
structed for anothe irge steel mill, however, the 
hardening and temper ections are placed in the 
same line This offs mplified handling between 
jyuench and draw ana | maae pt ble by success 
ful control of water entering the pipe end. Another: 


Fig. 7—A section of 
tive barre! is 
loaded for delivery 
The furnaces ore 
complete, and require 
only connection to 
supply and control 
lines as the high heat 
section of a quench 
and drow line 
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Fig. 8—Microstructure of seamless steel oi! well casing after short cycle quench ond draw are’ a—section at outer surface 
b—section at center of wall, and c—section ot inner surface 


epara I xed he spec ally 
I eat n 
‘ ly d 
{) ha at 
maximum of 1500 lb per min. The speed of the pipe 
r i ‘ to Keep pace 
luction requirement a nding or ne e and 
tl 
Mill Features 
Wt nver A unique feature of this mill ts that there is no 
i il the led 
Fig gh i ing 
al 
ne i | er, wall 
>t et nes 


Table |. Physical Properties of Short Cycle Treated Pipe 


Fig. 9—As welded microstructures of electrically-welded tubing 2 in. OD. 0.156 in are: o—ot weld line, b—'s in from 


weld, ¢ in. trom weld, ond d—180" from weld 
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Fig. 10—Microstructures of electrically-welded tubing 2 in. O.D. x 0.156 in. wall after 1660°F short cycle normalizing are 

o—at weld line, b—'s in. from weld, c—'«4 in. from weld, andd—180° from weld 


erature gradi vhile U emaining three ne manently mounted with all conveying equipment on 
ire automat egulated to complete the heating integral structural framework, are shipped to the 
ar t t iperature on e peratior At the mill ney 
r f pipe the othe and from pipe need y be sé n place ind contre ind feed line 
me attached. No furnace construction is nece ary 
Tt barrel furnace design readily iena eli toa 
wide range of mechanical and thermal control. Cor Physical Properties 
veying units are extremely flexible, since they pe These features of short cycle heat treating equi 
te Vet With ce ed ‘ ib] i tant only to the 
vara peed nat the enabl he et ndustry to 
6 i ea down ove i i | ‘ pr cal quantitie The cam 
i + Durne whole units can be con ‘ tubing described a litable casing for 20,000-ft 
| hut off while the line n operatior At wells can demonstrate such iperior propertsk« The 
flow of the fuel mixture ul given in Table I were obtained by short cyck 
an immediate corresponding change ir treating seamle pipe with about 0.45 pct C, 1.50 pet 
now 1 0.20 pet S 
Automatior in inherent feature. Barrel-furnace Conventionally treated pipe with the ame yield 
ire igt i K A he Value f ultimate trengt! 
i peration according t nd hardn and lows luctility with decreased 
tne tock leaving it. A nove toughne The wer hardne esulting from short 
er where particularly important wherever! 
al th mj i 
I i cast ne t if j tt pi how n | 
i NT i t a i wit! ee present 
i M opho 
measured | 9 a ) cate that the 
4 anit } ed apt 
t ire ‘ byle my 
1et rY a- ‘ rye 
et nett i 
be A tre t} 
tna 
1650 } the 
it 
‘ ‘ ‘ H he t it 
ace t 
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Box Car Roof Design for Open Hearths 
Evaluated at Inland Steel Co. 


by P. W. Nutting 


! I } is of results, it was decided late 
: ‘ ! hop t nst ' t n 1954 to extend the installation of box car roofs 
i ment simular t to all furnace n the shop. Since then, as each fur- 

! the hops tl ‘ t tl nace ime down for rebuild, the necessary changes 

fu ‘ t the furnace iron work have been made and box 

t t rT tre o! nstalied Production rates on the 200 ton 

ft 9 end buckst ne furnace © altered indicate a higher tons per hi 

list f t 9 I gure on these furnaces than on those with the old 

Tt tr t ‘ ot ind rx Sign ficant con- 
" mptior Howeve t is felt ata is 

t available to prove th port 

i the lesign ha esulted in tion 

‘ ectiol I The box ir ae gn, however, gives at least as good 

if? t Dut the performance in respect to both production and fuel 


Root Performance 


Box Cor Roof 


i ‘ f the 
t t f ry 
a is ed 
4 ‘ 
wo 
et three n +) 
port ‘is wa Table |. Average Sovings Using Flat Port Root 
on Savings as Compared te 
‘ ve aged Cest Item Cenventieonal Reef, 
furnace with conver 
‘ 28 
I 24 
P W. NUTTING is Assistant Superintendent, inland Stee! Co Mate 6969 
East Chicago, ind This paper was presented ot the AIME National Tot 


8009 
Open Hearth Conference, Philedelphic, Apr 18 to 20, 1955 
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na ‘ ‘ esprea Operators have frequently found that a practice 
t t ce lesign which worked satisfactorily when applied 
vith eve ex] mentally t yne furnace, does not prove equally 
4 tistact when applied to other furnaces It was 
I ry } Gesigr found on the original installation that the port sec- 


Effect of Sinter Mix Composition and Additives on the Quality 
Of Blast Furnace Sinter 


Effect of variations in sinter feed composition on sinter strength, bulk density, re- 
ducibility, chemical composition, and microstructure were determined by sintering experi- 


mental samples on a production sintering machine 


Increasing amounts of roll scale, ore 


fines, return fines, and blast furnace slag were most beneficial to feed permeability, 
sinter bulk density, and strength. Burnt lime additions improved feed permeability but 
were not beneficial to sinter strength or bulk density. Sinter reducibility was adversely 


affected by all additives. 


which would in way predict the 


some 


)PMENT of methods for evaluating sinter! 
quaiit 


behavior of the sinter during charging and smelting 


in the blast furnace, has been given considerable 
attention in recent years. In a previous investiga- 


tion at South Works of the United States Steel Corp 


standard sinter sampling and testing procedures 


were developed By modifying the sinter sampling 
device, a method of sintering experimental mix sin- 
ter samples upon a production Dwight-Lloyd sinter- 
ng ma also developed. This technique 
affords nd controlled method of investi 
gating if the various raw material ind 
additives on sinter quality and was used in this 
present investigation 


beginning of the present study in 1953 
have 


Since the 
tne results ol 


hed 


sinter investigations 


rned with 


numerous 


been publi most of which were conce 


duction tests of iron ore sinter, both here and 
ibroad. Three groups of investigators reported re- 
ilts of experimental sinter studies that were related 
to this investigation. Voice et al.” studied the effect 
f controlled variables on sinter quality by produc- 
r and testing experimental Northants iron ore 
nte ng an experimental! ntering unit. Mo 
ey and Powers‘ determined the relationship be- 
tween iron ore sinter quality and the moisture and 
coke content using a small laboratory sinterir ys- 
tem. Burlingame et al.’ studied the effects of “addi- 
tives” upon iron ore sinter using a laboratory sinter- 
r ip} t and laboratory grade raw material! 


At South Works, it was considered desirable to 


tudy the effects of sinter mix composition and addi- 
tives upon the quality of a flue dust-base sinter pro- 
juced on a production sintering unit. Extrapolation 
of controlled laboratory test data to sintering plant 
operation lacking such precise control is not alto- 
ether satisfactory. Therefore, the present study 
was conducted in a manner which approximated 
production conditions as closely as possible. Ths 
raw materia ised were those commonly encoun- 


E C RUDOLPHY, Junior Member AIME, C. W. BOQUIST, and 
D J. CARNEY, Member AIME, are Physical Metallurgist, Metal 
lurgical Technologist, and Superintendent, No. 2 Electric Furnace 
Shop, respectively, South Works, United States Stee! Corp, Chicago 

Discussion of this paper, TP 4051C, may be sent, 2 copies, to 
AIME by Jon. 1, 1956. Manuscript, Jon 18, 1955. Blast Furnace 
Coke Oven, and Raw Materials Conference. Philadelphio, April 1955 
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Raw materials for experimental sinter feed were mixed 
by this minioture single shaft pug mill 


Fig. 1 


dust 
cx- 


dust and flue 
were varied within 
type of sinter production 


production of flue 
inters and these 


tremes encountered in thi 


Experimental Procedure 


The experimental sinters were produced from 100 
b mixture f sinter feed. The principal raw mate- 
als and additive used, their particle size, and 
pproximate chemical composition are listed in 
Table I 
The mixing of the raw materials was accomplished 
by means of a miniature single shaft pug mill shown 
Fig. 1. The use of the pug mill as a mixer was 
iecided upon after encountering difficulty in repro- 
icing the mixing and chopping effect of the sinter 
lant pug mill with other types of available smal] 
nixel The miniature pug mill was constructed, 
consistir {f 342x2x'%4 in. blades spaced 3 in. apart 
alor 1 3 ft shaft. Preliminary tests were run with 
th mall mixer to establish the proper rotation 


quired number of passes through 


the pug mill to thoroughly mix and distribute all 
the raw materials in a manner approximating the 
production pug 1 


Although the effects of varying the mosture con- 


particular series of 


tests, the amount of moisture added was changed as 


the composition of the experimental mix was varied 
The aim in making water additions was to achieve a 
permeability as high as } ble for each particular 
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tered in tl 
The Transactions papers api 
retere 


Table |. Basic Raw Materials and Additives Used in Producing Experimental Sinters 


Chemical Composition, Wt Pet 


Particle 
Material fe MrO Size Remarks 
22 2 4.73 pet St xa as 
‘ 2 2 5.08 20 mesh bee tored ir 
ger tha 
é ths 
' 49 28 ‘ $ ‘ 42 5.24 90 pet — 15 
esn 
5% 29 pet 
scree 
pet 7 Norma 
f te 0 pet 
‘ 2 8 
204 Finely divided 
af 
20 mest A 
2 2 912 8 mesh Pe ente 165 
‘ 5 0.371 ix F t 
screen r fu 
2 ean Used fue 
f raw ate within a given series of tream, and this condition caused top and edge sin- 
‘ Ss ia! 
ering only, leaving a cone of unsintered material in 
t sintain a carbor n- the center. This condition was rectified by usi a 
ising ke breeze. Small emovable stainless steel box, Fig. 2, which allowed 
the experimental the use of the production feed as support for the 
ind het eneit experimental feed. Upon removing the frame, pro- 
ed a juction ntering conditions were fully attained 
ntent wv pu The use of the sampling frames'’’ for ipport and 
ts eff rt Wa . Va rf € ntered sa sfactory 
‘ ha know ‘ Testing of Experimenta ind Result- 
eeze a equired int Sinter: The moisture content of the experimental 
t tion, the ex ter feeds wa nined by loss in weight upon 
t i he Dwight irying a represe sample at 150°C. The dried 
To ped if ample was submitted for chemical analysi 
et i ted rhe permeability of each experimental sinter feed 
. ft e black iron sheet was measured on a Dietert No. 320 permeabilit: 
{ I the type ised mete com! ni ised to test pe rmeability of foun- 
pie iry ana in instrument prov led a rapid and 
an empty grate mple permeability determination of acceptable ac- 
f the ‘ ira for testing a material as heterogeneous as 
ent t feed ed withir inter feed. The index of permeability was simply 
t list witl the average reading obtained by testing five sample 
‘ ‘ i ‘ t ‘ f the feed in the permeability meter Increasing 
Exce ed on t t void ntaminatior numerical permeability readings indicated increas- 
+} 1, th . being re ng relative permeabilitie Each group of raw ma- 
‘ ew ther te a tested had inherent permeability characteris- 
: ved tion f - ti ind the maximum permeability for ar giver 
ed é ‘ " nd erie f experimental sinter feed was achieved by 
the sampk ‘ a fav é issage f the a ea of the water addition 
A fte ntering, the experimental mixes were al- 
veda t iir cool A ample were tested for 
trength ¢t ising the 200 rpm tumbling and screer 
nai test, the ingle index of strength being the 
median particis ze neche ifte tumbling and 
cree! ‘ fter the rte trength had been de- 
termined, bulk density determinations were made 
on each sample, the results being reported in pound 
‘ cubic foot 
Reducibilit tests were rur na ntered im- 
ple t note the effe aw te a Oo! 
idditives on reducibility. The n weight method 
f testing the reducibility fana | sample 
from the tumbling test wa ised. The time required 
90 pct weight loss n gen at 800°< was 
ised as the index of reducibility as described pre- 
viously 
Microscopic exa nation was made of representa- 
tive particles fron sinter samples hefore na 
Fig. 2 he removable stomless stee! bou shown in the center of the ase 
photog h wos used for plocement of the experimental sinter teed i xice grail 
mn the ¢ duction Dwight Lloyd sintering machine grotes ze nonfe ous oxide constituents present ana 
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reduction determined. Chemical 
analyses were made where variations in sinter feed 
constituents might change the chemical composition 
of the sinter considerably and thereby affect sinter 
strength, reducibility, or bonding characteristics 


extent of were 


Results and Discussion 
The raw materials used in this study were flue 
dust (current and stock), filter cake, return fines, 
oO! 1 scale. The additives used were 
coke, silica, alumina, magnesia, and blast 


re fines, and rol 


burnt lime, 
furnace slag 

The composition of all experimental sinter feeds 
summarized in Table I]. The proper- 
ties of these sinter feeds and of the resultant sinters 
produced are summarized in Table III, all pertinent 
being shown in Table IV. In 


rties of the various types of sinter! 


produced are 


chemical analyses 
addition, the prope 
are presented graphically in Figs. 3 through 7 

Effect of Mixing Raw Materials: In the 


small pug mill, it was discovered 


initial 
that raw material mixing is of great importance in 
th intering process. Efficient mixing is especially 
important in the case of a flue dust sinter because 
f filter cake normally 


onto the main sinter feed conveyer must be chopped 


discharged 


into small pellets if the cake is to be sintered and 
also be efficient in promoting better feed permeabil- 
ity the small experi- 
rT at rotation speed 
be satistactory H 
i cake up into such 
small pi hi 1] fits resulting from its addi- 
tion were t, and an actual loss in feed permeabil- 
ty took place. Prolonged repetitive mixing at slowe1 
peeds had a ar effect. Therefore, each mix wa 
put through the pug mill six times at the 100 to 200 
pm speed. Th wa ient to reduce the filte: 
cake t litably ed ts and to thoroughly mix 
ind distribute a iw materials similar to produc- 
tlon mixing The ellet ng of mate i uch as fil- 
ter cake and the distribution of these and other 


‘ 
. “ af 
at 
« 9 
x e 
> Ge’ PERCENT B 
CGE ND 
a 
3: 


Fig. 3—The effects of increasing additions of the vorious raw 
moteriols and additives on sinter feed permeability are sum 
morized. Graph A shows the effect of row moterio!l additions 
and 8, additive 
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coarse materials homogeneously throughout the mix 
obtaining Maximum 
This was shown 


were found to be imperative fo: 
permeability and sinte 
very early in this study when a Simpson blade-typ« 
xing the raw materials. In- 
izing took place and 


quality 


mixer was used for mi 
complete mixing and lit 
the resultant experimental! sinter was heterogene- 
This led to the ex- 
small pug mill 


tle pelle 


ously and incompletely sintered 
perimentation with, and use of, the 
as a mixel 
Experimental Sinters 
tioned list of raw materials, two standard expe! 
mental sinters were produced in 0 


operty indices to which the 


standard pi 


ital feeds and nter 


series of 


remaining experime could be 


compared. The two standard compositor 


were 


typical of the two basic types of production inte! 


mixes encountered at South Works. These were 


namely, a mixture containing approximately 20 pct 
ore fines and a mixture containing no ore fine The 
properties of the two sinters were quite similar, and 


the average were used in the 


subsequent compar! 
sons (Table III). The permeability of the feed—165 
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Fig. 4—The effects of increasing additions of the vorious row 


materials and additives upon sinter strength are summarized 
Graph A shows the effect of row material additions and 8, 
additive 


| 
f | 
a 
aor 
Cant OF COMME. 
“ ‘ ‘ 


Fig. 5—Lines show the effect of increasing corbon content of ox 
perimental sinter mixes upon sinter strength 
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e strength of the sinter—0.22 in. median size, the ints of returns would not appear to be eco- 
‘ educit ndex—-170 min, the microstruc- f cal where supplies of roll scale or ore fines or 
e (F 6a ar 5D), ana cre ai ana f the u additives are available 
, , experimental sinter were similar to the In the case of the foregoing raw materials, all 
lue dust sinter produced at South Works three materials had particle sizes coarser than the 
he he properties of the two standard other raw materials used in the respective sinter 
te , he properti« f subsequent sample xture The increase in the amount of coarse 
hose tion approximated that of the stand- material added to the mix is the reason, therefore, 
iw e apparent j licated the good re- for the increase in permeability. These three mate- 
t f the expe ntal technique used in rials also had the same maximum particle size, 
‘ t stud Some f the eproducibilit 0.371 in. screen. This further emphasizes the bene- 
i ache e st Table III ficial effects of using small additions of roll scale 
‘ ty of Experime Sinter Mixes: The (10 pet) compared to much larger additions of 
j ateria and additive either ore fines or return fines 
the we , f sinter feed are immarized It was noted that additions of filter cake, up to 
! b ; 30 pet, also increased permeability. In this case, the 
( j iw materia ised, increasing mproved permeability was attained only when ade- 
idit f é ‘ cale, and return sinter juate mixing was exercised. Mixing broke the filter 
| 
had the ‘ il effect n ter feed cake into small pieces and these pieces acted as 
t I Fig iditior fa nuclei for pellet formation. The high moisture con- 
i t e increase ‘ eabilit tent of mixes with more than 30 pct filter cake de- 
} 1. It ‘ iry to add 30 pct creased the permeability of these mixes and thereby 
‘ i t The ‘ fa ger ow ea the qualit f the resultant sinters 
nt of es achieved Of the vari additives tested, only burnt lime 
1 pe é t the e of such large and granulated blast furnace slag affected any im- 
Table ||. Composition of Experimental Sinter Feeds 
Constituents, Wt Pet* 
t mente Fie Filter Retarn Ore Rell Blast Purnace Steck Bernt 
No Dest Cake Fines Fines Seale Slag Dust Added) Added Added Lime 
‘ 
‘ 
+ 
4 
‘ 2 
2 ‘ 4 
6 
2 
4 
6 
‘ 
24 
as 
Coke Breeze 
2 2 
Suf ke Dreeze was added ord ortx . 
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4 4 


provement in feed permeability Although the burnt 
lime increased permeability, it did not enter into 
complete solution upon sintering and had detri- 
mental effects on other properties which made it 
unsuitable as an additive. However, granulated blast 
furnace slag allowed improved permeability and 
had other beneficial effects on sinter quality which 
would make this material beneficial as an additive 
in small quantities. Further discussion of these mate- 
rials is made later in the text. As in the case of 
the raw materials discussed previously, it is believed 
that the particle size of these additives was the 
significant factor in increasing sinter permeability 
Of the two materials, the slag was only slightly more 
coarse than the burnt lime, both being —0.371 in 
in size 

Increasing additions of SiO, Al,O, and MgO 
caused some decrease in sinter mix permeability but 
this was attributed primarily to the fine particle 
size. The bulk of these materials was of a sufficiently 
small particle size (—8 to —200 mesh) to cause a 
small reduction in permeability with increased addi- 
tions. Additions of carbon did not materially effect 
permeability 

In each case where an addition of a raw material 
or additive has changed the sinter feed permeability, 
the effect of the particle size or the addition has been 
evident. The sinter properties, however, are affected 
principally by the composition of the addition and 
to only a minor extent by the particle size of the 
addition 

The moisture content of most of the mixtures 


ranged from 10 to 13.5 


tudied in this investigation 
pet. Variations within this range, however, wer 
dependent upon the raw materials used in a given 
mixture. For example, sinter feeds containing larger 
amounts of roll scale, return fines, and ore fines 
required less moisture for increased permeability 
primarily because of their coarse particle size Since 
moisture additions were made to attain the highest 
permeability possible for a given mix control of the 
moisture content could not be held constant through- 
it the investigation. The important effect of mois- 


ture content upon permeability was exemplified in 


| 
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Fig. 6—The effects of increasing additions of the vorious row 
moteriols and additives upon sinter bulk density ore sum 
marized. Graph A shows the effect of row material additions 
and B, additive 
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the filter cake series; see Table II]. There was an 
optimum moisture range above and below which 
permeability and sinter strength decreased. The 
effect of moisture, however, cannot be completely 
divorced from the effects of mixing, for in this case 
had the feed not been properly mixed the pellets 
would not have formed, the moisture would have 
been poorly distributed, and permeability decreased 
On the other hand, with moisture contents above or 
below the optimum range, with or without proper 
mixing, the permeability was too low for thorough 
homogeneous sintering 

Strength of Experimental Sinters: The effects of 
the various raw materials and additives upon ex- 
perimental sinter strength are summarized in Figs 
4A and 4B 

It is demonstrated in Fig. 4 that increasing addi- 
tions of ore fines, roll scale, and return fines mate- 
rially increased sinter strength Additions of stock 
flue dust and up to 30 pet filter cake also were bene- 
ficial to sinter strength 

The use of 10 to 20 pct roll scale was more bene- 
ficial to strength than 30 to 40 pct of any other raw 
materials. Significant improvement In sinte! strength 
from the use of ore fines was not attained until 40 
pct of the mixtures consisted of ore fines. This sug- 
gests that adding small amounts of ore fines te a 
flue dust-base sinter mix might not be desirable in 
some Cases 

The use of 30 to 40 pct return fines to increase 
permeability and strength might not be as economical 
as the use of lower amounts of other materials such 
as roll scale and ore fines when these latter mate- 
rials are available. If such materials as these are 
not available or if fine concentrates or other mate- 
ials are being sintered, the use of up to 50 pct 
eturns could be highly beneficial, both from a 


tv and economic viewpoint. High percentages 


qual 

of returns will increase permeability and conse- 
juently the rate of sintering in such cases. This 
hould more than compensate for the large recir- 


culating load required 

Increasing additions of stock dust also yielded a 
small increase in strength. The reasons for this effect 
were not altogether clear. The explanation proposed 
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Fig. 7—Effect of increasing additions of the various row mote 
rials and additives upon relative sinter reducibility are sum 
marized. Graph A shows the effect of row maternal additions 


and 8, additive 
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Table II|. Summary of the Properties of Experimental Sinter Feeds and Sinters 


Ruperimental Peed Prepertics Experimental Sinter Preperties 


wcibility 


Eaperimental Moisture Permeability Simter Strength Belk Density Index, Time for 
sinter Ne Wt Pet Indes Median Size, In Lb Per Cau Ft 0° Pet, Min 
23 
0.21 9 
NS 
22 ‘ 22 167 
29 29 os 185 
2 242 
‘4 44 Check 204 
ae sf 2 2 180 
2 i9 
2e 22 
42 27 18. 
217 
“ 27 76 
Une 
2 2 7 ; 
“4 4 ] 
2 
2 2 106 
27 4 
‘ 2 
2 f 
62 2 
107 
2 9 
) 22 101 
22 
107 49 
4 . 
97 
y Ss 
2 
270 (89 
12 27 
2 4 
24 7 
2 + 34 
2 ‘4 4 
45 (77 
97 27 
139 
7 2 149 
‘ l la 
B 2 164 
2 159 
2 04 
‘ 07 239 
t fluc fur? t i nif tt ects oF 
ac Naa any gnincan enenciail el cl on 
: f i nter strength. The effects of additions of SiO,, Al,O,, 
I ight ind burnt lime on sinter strength were negligible 
ist rh Additions of MgO had deleterious effects on sinte1 
‘ ‘ 
j 
nte 
mite ‘ 
tri¢ ‘ 
‘ ‘ 
a\ 
‘ 
hand 
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triy 
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o—Sample is standard experimental 
sinter before reduction 


b—Somple 


d—Sample No. 143 had a 30 pct roll 
scale addition 


is standord experimental 
sinter after reduction 


e—Sample No. 155 hod a 12 pct blast 
furnace slag addition before reduc 
thon 


c—Sample No. 135 hod a 50 pct ore 
tines addition 


t—Sample No. 155 had a 12 pct blast 
furnace slag addition after reduc 
tion 


Fig. 8—Micrographs show typical structures of some experimental flue dust sinters. The letters on vorious micrographs 


represent: M, magnetite (Fe.O,); W, wistite 
CaO -Fe.0.). Samples were unetched. X400 


which contributes to the higher strength of these 
té 
The use of burnt lime additions to sinter mixe 


1as been discussed previously with conflicting re- 


opean practice of using lime additions 


| sinter with great benefits 

has also been widely discussed With the sinter- 
ng practice and raw materials used in production 
f a flue dust-base nter, burnt lime additions had 

10 beneficial effects o1 nter strength. The lime wa 
not all taken into solution during sintering, as is 


High lime additions by means of 


ag had improved sinter strength, and the reason 
f the different effects of the two additive may be 
a ciated with the difference in the ability of free 
lime to flux the impurities in the flue dust-type 

nter when compared with granulated slag. Insuffi- 
cient time and temperature were available during 
nte g for the burnt lime to completely react with 
the silica and iron oxide 

A similar series of observations were made in the 
case of the MgO-containing sinters. The poor strength 
f these nt was attributed to the poor perme- 
at f the mix and the fact that the MgO was 
not adequately taken into solution. Fig. 9d shows 


inreacted MgO and some of the matrix constituent 


icf 

fe ed when some of the MgO reacted with silica 
and iron oxide. Again, insufficient time and tem- 
perature were available for a sufficient chemical 
reaction to take lac 

The additions of SiO, and Al.O, altered the micro- 
structure of the sinter without any significant effects 
n strength. Typical microstructures for sinters in 
th eries are shown in Figs. 9a and 9c, which show 
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FeO); Fe, iron; G, glass; F, fayalite (2FeO SiO 


and C, calcium-ferrite 


principally an increase in the amount of the 


glassy 
natrix constituent 


brittle 


In both cases the glass was quite 


The effects of increased carbon (fuel) content on 


Fig. 5 gr 
addition series of t 
obtained 


investig 


pre ent the result 
his investigation. The correlation 
was similar to that reported in 


ations” * of both production 


previous 
and experi- 
of the mix 
micrograp! 


mental content 


increases nte trength increasé A 
7 inter j 


of a typical high carbon ({ pre sented 


in Fig. 9f, which shows the presence of coarse grain 
of iron oxide and a high percentage of fayalite in 
the matrix. Large ar ints of SiO, in the sinter feed 

not the onl) mdition that required for the 
formation of fayalite Sinter in the low carbon 


ymnitain fay- 


alite, while those in the high carbon range showed 
large amounts of fayalite, illustrating the important 
fTect of ten pt rature on favalite formation 

Bulk Densit f Experimental Sinters: The effect 
if the variou aw mat a“ ind additive or inte 
bulk density are summarized in F 6A and 6B 

Very nificant increase n experimental sinter 
bulk density were btained as the amounts of ore 
fines, roll scale, and ret fines used in the respec 
tive muixe were incre A gair as in the case 
of mix permeability and sint« trength, small addi- 
tions of roll scale (10 t 2U pet) were more bere 
ficial than a 30 to 40 pct addition of ore fines or 


return fi 
cal of these sinters, Fig tc and 8d, ar 
Fig. 8a, indicate the reason for the 


nes. Compar r structure typi- 
d the standard 
increase in bulk 
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lensit The lack of pore space and glassy bond, the These factors were all evident throughout the 
‘ r <ide grain size and bonding, and reducibility studies of this investigation, and each 
the higt ' ntent explain the highe lensitic llustrated in Figs. 7A and 7B. In the case of in- 
he ire ‘ t " high bulk ensit f creased additions of ore fines, roll scale, and return 
‘ ntair nt licate that tt es, the reducibility of the sinters became poorer 
ia ict nit ible f the me hearth is the additior f the particular raw material and 
» charge xide materia the nte trength increased. The high return fines 
jo hig! gnificant effect f an f the addi- nter was bonded by the iron oxide and by the very 
tive te } k densit were noted, except in lense gla while the bonding of high ore fines and 
trie ant f Diast furnace lag and MgO Blast fur- nigr Olli cale sinters was by fusion of the oxide 
nace " but t the ! fa with only a minor amount of a glassy phase 
3 tror lense { bond a contributed t ghtly present, Figs. 8c and 8d 
nereased sinte ilk densit The MgO additions It has been stated previously that iron oxide- 
} e as det ental to bulk densit us they were bonded sinters reduced more rapidly than glass- 
t the t tic bonded sinters of similar median particle size 
Re } , of E erimental Sinters: The effect (strength) The high ore fines sinters with iron 
j iteria ind additives on rela- xide bonding did reduce more rapidly than a glass- 
ed t t educibility are immarized in Figs. 7A bonded sinter of similar strength, for example, the 
ate leta T e Ill eturn fines sinters. However, the iron oxide-bonded 
be stated that the mediar high roll scale sinters reduced considerably slower 
th f the i nt ncreased, the than the ore fines sinters. This difference was ex- 
f 0 pet re tion (weight ja ned by the much |} bulk density and lower 
, f ‘ lif herefore , and microporosit f the roll scale nters 
ela- educibility of ve dense nters was als 
‘ bility has bes te the nvestigatior These facto ap- 
( t i well ent educe the benefit btained fror ror 
tl entire e t lir t nhibiting the diffusion of reduc- 
ere | - ng ise ind jucts of reductior The por re- 
th } ecent i bilit of nte containir high amounts of 
te t i Me Tact which et nm fine vas also caused | the high density a 
aff nte f bility were ne us the presence of some dense glass bonding 
i 2—the type A tyI il production sample and the standard 
the nte bond experimental sinter ample lost a total of 93 to 89 zg 
| a—Semple N 73 hod o 6 pct SiO b—Sample No. 173 had a 6 pct SiO c—Sample No. 183 had a 6 pct Al,O. 


addition before reduction addition after reduction addition 


é—Semple No. 192 had a 4 pct MgO e—Seample No. 215 hada 48 pct CaO §—Sample No 228 hed a 7.7 pct C 
addition oddition, Semple was etched in addition 
woter 


Fig %—Micrographs show typical structures of some experimental flue dust sinters. The letters on various micrographs 
represent hematite M, magnetite W, wiistite (FeO); Fe, iron; G, glass; F, fayalite (2FeO SiO. 
me. C. colcwm-territe (CaO FeO P. periclase (MgO); MS, forsterite (2MgO SiO ond MF, magnesio-ferrite 
MgO FeO Semples except ¢ were unetched X400 
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(450 g original samples) on reducibility testing 
However, a number of experimental samples had 
weight losses considerably below this range. A 70 g 
total weight loss at 800°C for a 450 g sample was 
not too uncommon. Some of the sinters in the roll 
cale and return fines series were in this category 
The samples involved contained 30 pct or more of 
the respective constituents. Microscopic examina- 
tion of these latter sinters showed that considerable 
oxide, in the form of wiistite (FeO), remained after 
reduction at 800°C. These results were associated 
with the nature of sinter bond, iron oxide char- 
tics, and densities of sinters. It was noted that 
reduction proceeded just so far, and further time at 
the standard test temperature induced no further 
weight losses in certain types of sinter. Additional 
reduction at 1000°C caused only a slight increase in 
sample weight loss. The foregoing behavior is not 
ieved to detract from the reducibility test pro- 
cedure, since the relative reducibility of sinters is 
ill that is generally required. The reducibilities of 
that fell in the foregoing category must be 
considered poorer as the total sample weight loss 

1e for 90 pct weight loss and the 


acter 


al sample weight loss were considered in rating 
reducibility. On this basis, sinters containing 30 and 
40 pct roll scale and 30, 40, and 50 pct return fines 
had even poorer reducibility than the time for 90 pct 
weight loss indicated. For the purpose of illustrating 
this. the time for 90 pct reduction has been weighted 
by 30 min for each 5 g 
range. Figs. 7A and 7 
+ 


below the normal weight loss 
B have been plotted using the 


Reducibility test results for sinters in the filter 
cake and stock dust series followed the pattern of 
poorer reducibility with increased strength. Sinters 
in this series had normal weight losses, which were 
similar to results obtained on testing similar pro- 
duction sinter samples. Micrographs of sinters in 
these series after reducibility testing are comparable 
to those of the standard experimental sinters after 
reduction, Fig. 8b. In the figure, iron as pseudo- 
morphs after magnetite is shown embedded in the 
glassy matrix. These grains showed some internal 
cracking due to shrinkage and when etched in SnCl 
would show very small amounts of iron oxide re- 
maining 

Some of the additives had very deleterious effects 
on sinter reducibility. Additions of blast furnace 
slag, while improving other properties, caused 
markedly poorer sinter reducibility, Fig. 7B. This 
was explained by the nature of the sinter bond. The 
dense glassy bond had almost completely surrounded 
the iron oxide grains, as shown in Fig. 8e. The 
jensity of the bond inhibited the diffusion of re- 
ducing gases and products of reduction to cause poo! 
reducibility. In Fig. 8f, the partially reduced oxide 
grains of the 12 pct slag sinter are shown surrounded 
by a zone of iron and the still dense matrix. The 
matrix constituents were not reduced in any of the 
sinters examined. Although considerable fayalite 
was found in these sinters, it was not the fayalit 
that was responsible for the poor reducibility 
Additions of 2, 4, and 6 pct silica and alumina 
reasingly poor rate of re- 


respectively, caused li 


ducibility. The reason 


> 


or this poor reducibility was 


Table IV. Variation in the Chemical Composition of Experimental Sinters Containing Additives 
Which Altered the Normal Chemical Composition 


Experimental 


Sinter Neo Additive, Wt Pet Fe 
s expe enta 
x 
ard expe 
te 08 
age South Work 
nter 
A ge S hw 
nter® 60.04 
42 20 Ss € 4 
§ 
44 40 R Scale 63.28 
4B furnace siag 
2 4B t furnace slag 
Biast f ace ag 
2 Blast f slag 


a2 
91 
92 
2 t CaO 
212 tCaO 
213 tCaO 
214 tCad 
15 tCad 


ke breeze 


oke breeze 


ke 
Z { Ke Dreete 
22 ke breeze 
22" ke breeze 
227 ke breeze 
228 ke Dreete 
esents the erag tata btained f m 385 
es tha pie t sinte 


Chemical Compesition, Wt Pet 


Particle 
ALO cad ‘ Sine 
2 st ait 
7 2.59 22 
ediar 
2 234 2 408 
” 233 
ediar 
size 
‘ 
22 
ar 
‘ 
Experimental Sinter Mix Carben Content, Wt Pet 
‘ 
448 
2 
609 
a 
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coefficient of correla- 


indicating 


—- noted that the “least squares”’ 


relationship, 


tior quite high in this 
that these two properties are closely and directly 


4 . eo elated. This was well demonstrated in the roll 
sle-containing sinters where an appreciable in- 
— $. ease in bulk density was attained as the raw mate- 
al additions increased. By generalizing and using 
’ nereased density as a measure of decreased porosity 
og"? t ild be said that there was an inverse rela- 
fhe t hip between sinter porosity and reducibility 
: Sur 1r results as these were found by Morrissey 
nd Powers’ in an ore sinter study 
: In Fig. 12 the relationship between sinter bulk 
4 4 - jensity and sinter strength is shown. Again, the 
correlation was quite good and it was felt that this 
O—Lines ond dota pomts show the relationship between 
elationship was due to the sin‘*er bond. When the 
strength ond reducibility of expermmentol sinters 
nter was very densely bonded, whether by iron 
. xide or by the glassy phase, the sinters were 
) tronger. This was illustrated by the roll scale and 
v- ° ag series of sinters. It was not particularly true in 
the case of the high SiO, sinters, but in these sinters 
the bond was less dense and did not com- 
| plete i’ ind the ron oxide grains 
+9 The interrelationship of these three properties 
vas quite significant and to a great extent defined 
, the mits of raw material mixtures and additive 
Be 
i on ® vithin which it is nece ar} to operate under pro- 
juction conditions in order to produce any given 
ARE LATION ‘ twpe of sinter. Although some of the findings of thi 
nvestigation have been applied at South Work 
nt ng plant. results are incomplete at this time 
- Preliminary data suggest howeve that these e- 
Lines and dota poms show the relationship between Lit are PuULLY aday table to actual prod action of 
bulk density and reducibility of expermmenta! sinters blast furnace flue dust sinter! 
Figs. 9a, 91 Conclusions 
, . ntaining i—Those raw materials which significantly im- 
nd 
ved nter quality were roll scale, ore fines ana 
: — eturn fine Increasing additions of these material! 
; . sur were increasingly beneficial to all properties eval- 
até | excel t ed at lits A idition of a> Litt a 
Be 10 pet roll scale were as beneficial t nter quality 
i 0 to 40 pct of the other raw materials 
, and 2—Of the nter feed additive tudied, or small 
int snulated blast furnace ig gnificant 
nt ea té trengt! The the additive par- 
ated tre ilar} magne a had delete j effect or all 
the 
“tigre ter propert Improved feed permeability was 
: ' O-Fe,O, whict the beneficial effect of burnt lime additions. All 
ea sdditive were delete is to sinte educit t 
nad Inecre sadition carodor gninficant 
my veda trengt! An increase I pproxi- 
mate 0.04 u rie il ze wa obtained with a 
i—Complete and thoroug? mixing of sinte feed 
‘ t é ar effect 
40> 
t f nere 
pie 
‘ e sinte ‘ 
‘ 
te 
" ¢ +) +} © 
trated it 
“ 
ext. Fis nows U ' hip betweer Fig. 12—Lines ond dato points show the relationship between 
slk de i i t t It should be the bulk density and strength of experimental sinters 
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was found to be essential to good sinter quality 
Poorly mixed experimental samples sintered heter- 
ogeneously and incompletely 

5—Control of the sinter feed moisture content 
was quite dependent on the type of sinter being 
produced. The optimum moisture content range for 
most of the mixtures studied in this investigation 
was from 10 to 13.5 pet. Significant increases or 
decreases below this range decreased sinter feed 
permeability 

6—The principal factors affecting sinter strength 
were: A—bulk density, B—size of the iron oxide 
grains, and C—the type and composition of the 
sinter bond. The dense coarse grained and iron 
oxide-bonded sinters were stronger than the porous 


and/or glass-bonded sinters 

7—The principal factors affecting sinter reduci- 
bility were: A—sinter strength, B—-bulk density 
C—-size of the iron oxide grains, and D—the type 
and composition of the sinter bond. Iron oxide- 
bonded sinters reduced more rapidly than glass- 
bonded sinters of similar strength: but at very high 
bulk densities, reducibility was poor regardless of 
the type of bond 
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Analytical Chemistry (1954) 26, pp. 715-717 
i. B. Snow dentification of CaO-MgO Orthosili 
ate Crystals, Including Merwinit« ICaO:-MgO-2Si0 


through the Use f Etched Polished Section Trar 
AIME (1947) 172, pp. 121-136; Merats Tecnno.ocy 
June 1947 

F. E. Croxton and D. J. Cowden Appl ed Genera 
Statistu 1945) New York. Prentice-Hall Corp 

G. D. Ellwt One Hundred Percent Sinter in the 
Blast Furnace. Presented at the Blast Furnace and 
Coke Oven Assn Meeting Cleveland (October 1953) 


Production and Purification of TiCl., 


A brief history of TiCl, production and purification is given. Chlorinator feed 
materials for the production of TiCl, are classified. The thermodynamics and kinetics 
of TiCl, production by chlorination of TiO. are discussed. Problems encountered 
in the chlorination and purification steps are outlined in detail 


"pwd f the current processes for the productior 
of titanium metal require the use of TiCl, as a 


yurce of titanium values. TI material can only be 
duced by a dry chlorination proces nce it 
mmediate hydr« ed in the presence of water 
When pure, the tetrachloride is a colork liquid 


L W. ROWE and WR. OPIE, Member AIME, ore Research 
Chemist and Supervisor of Geochemical and Metallurgical Dept, 
respectively, Research Laboratories, Titanium Div, Netional 
Co., South Amboy, N. J 

Discussion of this poper, TP 4093D, may be sent, 2 copies, to 
AIME by Jan. 1, 1956. Manuscript, Mar. 30, 1954. New York Meet 
ing, February 1954 
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History 


The tetrachloride prepare as 
wr r ed hot 
carbor at TiO > 
ture have beer ed it 
beneficiated lr te ent and 
tre al titaniu me is TiN TiCN 
nd TiS CCl, have been 
ipstituted f oo re ar CQO ha been i ed n 
place of carbon 
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17 
12, pp. 18-4! 

boiling at 136°C. It furne ead in moist air, re | 

acting immediately with the moisture to form TiO a 

and HC! 

| 
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controlling the bed 


¥ — were operated adiabatically by ntz 

sai vel and chlorine rates or burning carbon in the bed 

o 4 t pecified ntervals. TiCN and silicon metal have 

vA a] been added to the charge to furnish additional 

/ heat of reaction. Attempts were made to process 
/ menite by selective chlorination of iron values 

from the charge by controlling the carbon addition 

4 and reaction temperature. A number of equipment 
‘ patents were also issued, which dealt with various 

| / methods for charging and discharging the reactors 
/ Many advances had been made in the develop- 

4 160 + ment of fluidized solids processes during World War 
II. These techniques were applied to the manu- 
; / < facture of TiCl,, since they offered a means of con- 
jlerably reducing the processing cost by eliminating 
+B the briquetting and carbonization steps and by fur- 

r nishing a way for maintaining continuous operation 


Chlorinator Charge Material 


- The titanium content of various possible chlori- 
TEMPERATURE ° nator feeds, both as received and as fabricated into 
t nation charge, may be approximated as given 
Fig Equilibrium of reaction 3 (Bouwdoward) of CO, with , ible I 
urbon to form CO is shown. The pressure is | atm From a study of the heats and free energies of 
tion of TiC Wu rmation, Table II, of the various titanium sources 
vif \ xture of TiO. and [ which data are available, it is apparent that the 
hor i . e the utile mat metalloids are less stable than the tetrachloride and 
} nde lr? was chlo- A therefore hlorinate readily. The dioxide, on 
the the t much more stable and can be 
nur ter ering equipment chlorinated only in the presence of a reducing agent 
natior ich as carbon or CO 
rue Bina Table |. Titanium Content of Possible Chiorinator Feeds 
° ‘ il production was not begur 
Pet Ti* 
+} thy tetract ised hiefly Pet Ti As Chlori- 
Titaniom Seerce As Reecived nation Charge 
j t VETTE 
, k } ked ‘ 64.8 648 
wmnd er ed to 47 44 
re 4 t Tal 
Siag 18 to 0 to 
‘ 27 to 3€ 22 to 29 
+} igh the top of 
4 etary f 
‘ * A 25 pet idiit was made where necessar 
‘ ‘ ¢ 
, " " From the standpoint of ease of chlorination and 
‘ +} nit wa ' heated te I nator throughput, it is obvious that the metal- 
‘ nt —- f the tetra- loids are by far the most efficient charge materials 
' The remaining gases were A comparison of the cost per pound of contai 
wate a . titanium, however, shows that the use of ilmenite 
the tet ; und the final off and slag has the greatest economic advantage; see 
‘ 4 er ve HC] Table Ill 
‘ ‘ chiorine Because of the difficulties encou hlori- 
enite ed veri nating ilmenite and titania-containing slags, rutile 
ndensir (about pet TiO.) has been accepted by the indus- 
, . 1 The ger try as an economical chlorinator feed material 
Technology 
; 4 Main reactions to consider in the chlorination of 
hH \ feed mixture contain 7 
oh. ¢ are as follows 
t t f il or coke with tar o1 
i int briquettes, car- Ti0.(s) + 4CL(@) 2C(s) = TiCl1,(g) 
then charged hot to 2COC1,(g) [1] 
essentially } 
t} . harge addition until the COCL(g) = CO(g) + CLig) [2] 
j in nataodie inet 2CO(g) = CO,(g) + [3] 
‘ ade nation efficiency and 
tated discharging the reactot The equilibrium constants for each reaction can be 
In t period from 1935 to 1945, numerous refine- calculated f m available data, and the resulting 
- ts were made in the chlorination technique. Sus- constants mathematically related so that the partial 
per ‘ } jal TiO gnin. or clay were used pressures Of ali eactants and produc ts can be de- 
ss bir and alkali-met hydroxides were added termined, assuming equilibrium conditions and a 
t mprove briquette quality Chlorination units total pressure of 1 atm 
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As was shown by Godnov and Pamfilov,” the 
pressure of COCL, is negligible and, at equilibrium, 
only traces of chlorine are present. Therefore, the 
reactions of importance are 


TiO,(s) + 2CL(g) + C(s) = 
TiCL(g) + CO,(g) [4] 


TiO,(s) + 2CL(g) + 2C(s) = 
TiCLig) + 2CO(g) [5] 


These simultaneously and are 
strongly temperature dependent. As the chlorina- 
tion temperature increases, the following effects oc- 
cur: 1—The CO/CO, ratio in the product gases in- 
creases to satisfy the equilibrium of reaction No. 3 
see Fig. 1. 2—The amount of carbon per mol of 
TiCl, produced increases because reaction No. 5 be- 
comes the dominant reaction. 3—The total product 
The percentage of TiCl, 
Effects 1 


reactions occur 


gas volume increases. 4 
in the product gas volume decreases 


through 4 are illustrated in Fig. 2 


Table II. Heat and Free Energy of Formation of Various Titanium 


Compounds 
Compeund H, t98°K 298°K 
Tio 225.6 212. 4 
Ti 190 
THO 123.9 116.9 
TiN 80.5 73.6 
Tic 43.8 1.0" 


important factor to consider is the effect 
reaction rate. The results of 


Another 
of temperature on 
Pamfilov and Shikher, 
a National Lead Co. laboratory unit which illustrate 
this temperature effect, are plotted in Fig. 3. Pamfi- 
lov used CO as a reducing agent, conducting the 


as well as those obtained on 


reaction at various temperatures for a period of 3.5 
hr with a steady chlorine rate 

Results with solid carbon as a fuel were obtained 
g the chlorination of a briquetted mixture of 
ground TiO, and coal, 3.8 TiO,/C ratio 
Chlorine rate and time were held constant at 0.35 | 


using a 


per min and 4.0 hr, respectively 
Experimental runs have confirmed the thermody- 
Spongs 


namic and kinetic data presented herein 


titanium metal will begin to chlorinate at a tem- 
perature as low as 120°C, the various metalloids will 
react vigorously in the 250° to 400°C range, and 
Ti0,+C chlorinated efficiently at 700°C. The 
metalloids is highly exothermic and 


reac- 
tion with the 
can be made to proceed adiabatically even in small 


scale equipment. Although the Ti0,+C reaction is 


y, 
2 
trates the effect of 
temperature on chlo 
 rinator gos volumes 
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Fig. 3—Effect of 
temperature on chlo 
rinator reaction rates ~ 50} 
is illustrated 
- 
ax 6a 


TEMPERATURE, 


considerably less exothermic, a fluidized solids chlo- 
rinator with a dian greater than 20 in. can be 
ope rated adiabatic 


scale static bed units require only a small heat input 


unde: conditions. Commercial 


Chlorinator Design 
Two basic types of chlorinators are used: stati 
bed and fluidized bed. Static bed units were briefly 
discussed in a previous section. The units used at 
Henderson, Nevada, in the Titanium Metals Corp. of 
America plant have been described by P. J. Maddex 
The fluidized ; 
tion to the static bed unit, although the 


height to cross-section is usually greater. The bed 


solids reactor 1 milar in construc- 


ratio of 


is Supported on a perforated brick or ceramic plate 
and maintained in a fluidized state by the pressure 
he gas stream. The feed may enter into the top 


or be carried 
stream. An 


f the reactor through a sealed 


n above the plats a portion of the ga 


overflow pipe located near the top of the bed di 
charges the inerts which are lighter than the feed 
mixture and tend to segregate to the top of the bed 
On large scale units, the overflow level is usually 
adjusted so that portions of the bed can be recycled 
to permit strict temperature controls. The layers of 
insulating brick are dispensed with and cooling of 
the shell may even be necessary 


Table I1!. Comparison of the Cost per Pound of Contained Titanium 


Dellare per Lb of 


Titanium Seurce Contained Titasiam 


Ilmenite 02 to 0.6 
Siag ‘Quebec I 

Tita r p. type 05 to 0.08 
K ‘ 0.10 t 0.1 
T grime 40 to 
076 to 


Several advantages can be realized by use of the 


fluidized solids process. The excellent heat transfer 
and lack of channeling permits a three to fourfold 
production rate per unit area. Feed and discharge 
can be made continuous, thus eliminating the fre- 
jyuent shutdown equired for discharging of the 
static bed units. A carbor irce of very low hydro- 
gen content is used to reduce the possibility of fixed 
chloride formation 

The main problems encountered in TiCl, manu- 
facture are found in the condensing and collecting 
of the reaction products rather than in the formation 
of the chloride. These difficulties spring from three 


major sources: 1—carry-over of very fine dust and 
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chlorination and recovery of chlorine values from 


Purification 
The crude TiCl, is unsuitable for 
metal production owing to the presence of dust and 


direct use in 


lved gases, organic compounds, and va- 
is soluble metal chlorides such as SiCl, SnCl,, 
ludge, consisting of FeCl,, TiO., fine 

of heavy metal chlorides, can be 


emoved by settling and decantation. The dissolved 


gas (mostly chlorine and phosgene), the low boiling 
impurities (chiefly SiCl, and SnCl,), and the high 
t g impurities (titanium oxychlorides) can be 


removed by a distillation step. A few chlorides, how- 
and MoC! 


with TiCl, and require a chemical means of removal 


tend to codistill along 
purification agents have been 
These include powdered met- 
alkali-chlorides 
and organic compounds such as 


Most of these ars 


des, amalgams, 


fats and waxes 


ided prior to, or during, the distillation step, the 

chanism usually being to selectively reduce the 

terfering chloride to an insoluble higher boiling 

ilt to form a complex salt. If the purificatior 

agent effective, a water white product can be ob- 

tained with impurities near the lower limit of spec- 
t inalvsis methods 

About 4 Ib of TiCl, are required for production of 

b of metal, even at 100 pct reaction efficiency. Be- 

, this, the cost of tetrachloride will continue 

t ma) fact in the ultimate cost of the metal 

\ t cheap process f the production of pure 

rit ntia f producers are markedly de- 

ise the t if the meta Productior I a iow 

mn tit im beneficiate for the chi natior 

i high recove f chlorine values trom 

oi et formation stage are means of achieving 

al 
Discussion of this paper, if any, will appear in 
or METAI November 1956, and in AIME 


Metals Branch Transactions, Vol. 206 


1956 
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Technical Note 


Residual Lattice Strains in Sectioned Bars of Plastically 
Deformed Iron 


XTENSIVE investigations in the field of residual 
strain measurement by X-ray diffraction have 
been made by Bollenrath, Hauk, and Osswald,’ by 
Smith and Wood,** by Greenough,* by Rosenthal and 
Norton,’ and many others. Since X-ray strain meas- 
irements apply only to those crystals of the test 


i 
body which are of the proper condition and orienta- 
tion to diffract and 


vealed may be accompanied by either body or tex- 


since the residual strains re- 


tural stresses, there has been considerable disagree- 


ment among investigators with respect to the valid- 


ty of conclusions in this field. Although the experi- 
mentors have employed a variety of loading 
scheme surface preparations, and X-ray wave 
lengths, the observations almost invariably have 
been made only on the outer surfaces of the speci- 


mens. The present note is not to be construed as an 
exposition of a new method of stress analysis by 
X-ray strain measurements on sections but as a 
presentation of some results which point to inter- 


esting possibilities for further experiments wit! 


The two test rods used in this study were of ingot 
ron annealed at 910°C. The initial length of the 


tion was 2 in. and the diameter was 0.415 in 


Cross-s ections were the ends of the an- 
nealed is to pro ree material The 
ter e rod wa ixiali desired amount in 


rtion of 


a commercial testing machine. A 1 in. pi 
the gage length was cut from the other rod and wa 
ibjected to compression in the same machine. De- 
tails of this plastic straining of each rod are given 
nm the ipper half of Table I 

A half-« piece about % in. long was ob- 
tained | a short longitudinal plane cut 

nta neg of the rod near the center of the 
gage lengtt From adjacent material a disk about 
« in. thick was cut to provide the cre ectior 
pecimer Late inothe ection was cut from tt 
imme with iT of 30 between the r 
mai t t irtace und the ix of the teat rod A 
cTo -sectior and a longitudinal section were cut 
from the compression rod in a similar manner. All 


C J NEWTON end 4 C VACHER, Member AIME, ore associ 
ated with Nationa! Bureau of Stondords, U S$ Dept of Com 
merce, Washington 

TN 281E Manuscript, Feb 4, 1955 
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Table |. Plastic Deformation and X-Ray Measured Strains 
in Ingot Iron 


Tensile Compressive 
Test Bedy Test Bedy 
Max xia ss 4.600 19.200 
Vieas ed OOF 
192 
Radiat Ka Ka Ka ( Ka 
Crystallog pr € 21 2 
Residual Strain, Multiply by te 
Angle betwee 
‘ bod 
x 4 { ( 
1 4 
of these as well a the strain-free cross-sections 


were mounted in Bakelite and used as specimens for 


the following X-ray strain measurement 
During the course of the study, it became appar- 
ent that the conditior if the surface of a specimen 


was a highly critical factor. One of the annealed 


train-free specimens as a control wa ibjected to 
about 24 hr of polishing with fine alumina, inter 
ipted about every 2 hr for etching with 1 pct nital 
Its lattice parameter was determined at interval 
from measurements on back-reflection X-ray dif 
fraction patter: which were calibrated with dif 
fraction from tungsten powder The paramete: 
radually approached the value found in the litera 
ture for strain-free iron and remained there, withi: 
the limits of the experimental error Th deter 
mined a longs polishing and etching procedure which 
was adopted f all the pe er ind which gave 
xX “ay re t fron the la eved te be re} 
resentative of eact pecimen a i whole 
large number back eflection patter were 
made witl bait and ch diation ull at 
normal incidence Except f me preliminar 
tat na ext} ire made the ere al 
of cold work fron face nh ext ire wa 
made with the specimen siow trar iting and the 
filrr lowly rotating In appropriate cases a thin 
layer of a tandard meta powder tungsten wit) 
cobalt radiat n and ive witl 
dusted over a film of vase ne on the irface of the 
pecimen to serve t ilibrate the X-ra pattern 


After the preliminary work, four films were mad 
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Table I). Surfoce Stresses Calculated From Normal Strains, Multiply by 10° Psi 


Case Cobalt Chremiam 


emypression ( ase 


Wood and Dewsnap.’ Hence the two investigations 


indicate that the longitudinal residual stresses on 


the surface and in the interior of a tensile specimen 
are of the same sign and of the same order of magni- 

from which the residual tude. From this it follows that such stresses are not 
half of Table I were cal- body stresses in the usual sense, but are more prop- 
erly considered to be textural stresses.”” 
f measurement indi The limited amount of data presented in this note 
* value of the does not warrant the drawing of very positive con- 
clusions, particularly with regard to the disputed 
identity of the harder and softer parts of the well 
known two-part system which is generally accepted 
in the explanation of residual strains in metals after 
plastic deformation The results do appear, how- 
ever, to be more in line with the suggestions that the 
highly distorted material at wear crystal bound- 
we ' s the harder part ather than the sugges- 
sale f nt 1 ex] n ey lay 1 U m ion that the harder part is an adjacent crystal of 
orientation.” This is indicated by the ob- 
ation that values of strain in Table I obtained 
from differently oriented groups (with cobalt and 
hromium radiation) were similar. The differences, 
gh real, are small and may be due to differ- 
in penetrating power of the radiations reveal- 
i jisturbances, which can be minimized but not 
t pletely eliminated, brought about by the sec- 
iing and surface preparation of the specimen 
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Electric Furnace Steel Conference Will Meet in Pittsburgh 


ITH a plant trip to Allegheny Ludlum Steel The $7.00 registration fee includes a copy of the 


Corp., Brackenridge, featured on the first day bound Proceedings when published. There is no 
| of the sessions 


of the conference, the AIME is holding its 13th An- registration fee for students at any 


nual Electric Furnace Steel meeting inless they wish a copy of the Proceedings. AIME 
Headquarters for the conferees will be the Wil- members are entitled to a $2.00 reduction in the 
liam Penn Hotel on December 7, 8. and 9. Reserva- registration fe The 1954 Proceedings are now 
tions should be made directly through this hotel or available; $10.00 to nonmembers ($10.50 foreign) 


less 30 pct to AIME members and past registrants 


others in the Pittsburgh area 


Preliminary Program for Electric Furnace Steel Conference 


7:00 pm 
WEDNESDAY, DECEMBER 7 
Speaker: E. J. Hanley, president, Allegheny 
Ludlum Steel Cory 


9 am to 9 pm 
Registration 


om 
F 
Plant Trip RIDAY, DECEMHER 9 


Leave and return by chartered buses from Wil- 


8:30 am 
Registration 


am Penn Hotel for the Allegh 


9:30 am 
Ingot Session on Cleanliness 


Factors affecting the cleanline of alloy steels 
THURSDAY, DECEMBER 8 with (a) 1 ctice prior to slag off (b) deoxi- 
datior ind finishing practice Use of motion 
8:30 om pictures in the study of steel pouring 
Registration 9:30 om 
9:30 am Castings Session 
Opening Session Monolithic vs shaped refractories; effect of sol- 
Welcoming remark announcements and re- ible and in ible nitrogen on porosity: chr« 
DOr mium reactior m acid and basic furnaces 


rt 


9:45 om 
Joint Session on Electrodes 2:00 pm 


t t ratior le rn: » alartrades 
Setter utili on of electric furnace electrode Ingot Session on Stainless Steel 
through shop training programs. Papers cover- Summa! ind app! f 4 melting cycle 
ing handciing, Maintenance, and storage cnarge tl } ap; « harge 
2:00 pm througt en } , ‘ ‘ gen blow 
Joint Session on Degasification nt 
of nr sent nracti f Agogo 
List r f present practice of degasification dle additior 


new 


of lig } teel as used in various pla 


approach to degasification by vacuum treatment 2:00 pm 


in the ladle as practiced in Europe at Bochumer Castings Seasten 
Vereirz 
Appraisal of electr furnace ar yeration and 
tice B ‘ r the phase not cov- 


6 30 pract 
Reception and Cocktail Party ered 
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A 
liam Penn Ludlum Steel : 
Corp. plant at Brackenridge, Pa. Box lunche : 
will be provided on arrival at Brackenridge 
control meiting practice 


NOHC Southern Ohio Section Meets in Columbus 


W. Shearmon 
Secretary of 
NOHC, &. W 
Lewry, Choirmen 
of the Section 
and W W 
Bergman 
Secretary of the 
Section, ore 


shown 


Grim 
Choirmon of 
NOHC, ond 

Leo Reimoartz 
Past President of 
AIME, talk with 
Dr. Leo Wolmon 
the speaker of 
the dinner 


Opens 1955-56 Season he 
lengthy 

Among thes 

" ipprovai 

nallots were 
and 


at the annual 
vw AIME Fet 
if all necessary 

are favorab the new name will 
Ballots on Name established. Many changes will 
Change Sent Members ecessary, such as in letterheads 
Changing the name of the Institute al, medals, and certificates, but it 
Ir ite of s intended that the abbreviation 


and Petroleur ng ll continue AIME” as before 
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AIME th annua nfer- 
Sheet & Tubs nd Harold 
th Hig Pre re Gas by Aibert + 
at O. Richmond both of Armco Steel 
‘orn P eT resented er to 
Corp. Papers pr ed were: Stat 
tical Study of Factors Affecting Basi: 
Q j Mediu Ca Killed 
7 Steel by Frank Williams. Armco 
Stee! Corp Ladle Ni Setting 
Wa, Cage by F. R. Smith, Jr... U. S. Steel 
by W. O. Richmond, Armco Stee 
Corp A symposium of Method Used 
t Control Scrapping Mold ind 
The Southern Ohi Section’s Ar 
‘ H G Grin Hepper stall Cc yas 
the National Bureau of Economik 
. Research was principal speaker 
* was unani 
Direx 
4 As this 
nstitu 
f Incor 
‘ malities 
the 
embers 
of the 
mailed 
7 t be re 
RM turned to the Secretary of the Inst 
‘ } tute by the second Tus lay Ne 
4 ‘ vember If the vote ipport the 
Met hange the matter will mremimahiv 
lod ig men pt 
cal pr thor howed plating 
tions in actior Melia 


A. P. MILLER 


Alfred P. Miller has been elected 
executive vice president, steel div 

Merritt-Chapman & Scott Corp 

New York, and executive vice presi 
dent and general manager of New 

port Steel Corp 


Joseph J. Oravec has been appointed 
chief development metallurgist, Du 
quesne Works, U. S. Steel Corp. He 
transferred from South Works of the 
general super 


visor of metals researct 


H. A. Halupka has joined the Bruns 
wick Mining & Smelting Corp., Ltd 
Bathurst, New Brunswick, Canada 
as metallurgist. He had been mill 
superintendent for the Southwest 
Africa Co. Ltd South 
west Africa 


William H. C. Webster, Weirtor 
Steel Co., has been transferred t 
Weirton, W. Va 
manager of sales, coated sheet prod 
icts div. He had been located at 
Rochester, N. Y.. as district sales 


manager 


where he was 


Grootfontein 


as assistant genera! 


Victor A. Phillips has been appointed 

lecturer in the metallurgy lept 
ty of Sheffield, England. Mr 
had been associated with the 


1 Electric Co 


Douglas H. Polonis, recently com 
pleted graduate studies in physical 
metallurgy at the University 
3ritish Columbi He ha 

ed ass f 
lurgical engi t at the Ur 


sity of Wash Seattle 


fessor 


Harries A. Mumma, Jr., joined the 
Burroughs Corp., at the research 
center, Paoli, Pa. Mr. Mumma was 
formerly with the Brush Develop 
ment Co., Cleveland 


Wade W. Winner, Jr., turn super 
visor, proce control, U. S. Steel 
Corp., Kearny, N. J.. is now located 
at the Edgar Thomson Works, Brad 
dock, Pa 


J. P. BANKSON 


John P. Bankson was appointed 
manager of sales for the Shenango 
Penn Mold Co Pittsburgh Mr 
Bankson has been employed in the 
Harbison-Walker Refrac 
sistant to 


sales div 
tories Co 


the vice president 


recently as a 


Julian M. Avery has been named 
jirector of the product development 
div Ethy! Corp.. New York. Mr: 
Avery na previou ly beer a cor 
sultant. He joined the an) 
technical adviser in Septen 


He will retain these duties 


Gerald A. Munson, ch: 
ginee! Lithiun Corp 
Inc Minneapo! 
ferred from Hil 


neapolis. He will 


Ed T. Hewitt, Electric Stee! 
Co., is directing the newly 
hed ESCO International 
g the firm's export bu 


located 


ET. HEWITT 


Personals 


C. J. PARKINSON 


C. Jay Parkinson was elected vic« 
president and director of Anaconda 
Aluminum Co. Mr. Parkinson ha 
been a counsel for the Anaconda Co 
and some of 1} ubsidiari nee 
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Lawrence A. Roe has beer 
minerals 


ippointed 
beneficiation engineer by 
the engineering div International 
Minerals & Chemical Corp. Mr. Roe 
sociated with the Bjork 
Laboratories, Madi 


had been a 
ten Research 
on, Wi 


Karl Thomas Aust has been 

research associate in the 

General Ele I 
h Laboratory, Schenectady) 

Lust has been a research asso 

at Johns Hopkins University 


ore 


d ceramics dept 


Eugene J. Kalil is now associated 
with Kolisch & Kolisch New York 


chief 
of quality 
E. St. Lou Il} 
now an associate of the St. Loui: 


Coke & Foundry 


Jacoby, formerly 


t and manager 


Robert H. 


melaiiurgl 
ontrol of Key Co 


Supply C 


William 8S. Webb has joined the 
tral Iron & Steel Co Har 
He had beer ited 
ur G. McKee & Cx Clevelan 


with 


RK. V. Fostini, Jr., fh: ceepted a 
At 
He 


S. C. Huang, |! 
Technol lept 
engineering, ha 


liv Allie-C} 


Cleveli 


» Gar 
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Your electrode clamps are the key to 


LOWER OPERATING COSTS 


Lectromelt* offers you dependability, 
resistance to corrosion and high temperatures 


TART a smelting furnace to work and 

there's no shutting down for making 
replacements. Every piece of equipment 
has to stay on the job until you make a 
complete shut-down. This is especially 
rough on electrode holders, since they're 
located where temperatures are highest 
and corrosive conditions worst 


You can make the electrode holders 
the strongest point in your furnace set- 
up by choosing Lectromelt equipment 
Special care has been given to their de- 
sign and plenty of metal goes into each 
unit. Clamps, supports and operating 
mechanisms are built generously to as- 
sure long life and low upkeep 

So many improvements have been 
made in clamps in recent years that many 
obsolete clamps are now being replaced 
with Lectromelt equipment 

Lectromelt engineers are expert on elec- 
trothermic problems. Our men have been 
dealing in problems of smelting and re- 
fining with electric-arc furnaces for many 
years. For this help, and for a free copy of 
Catalog No. 105 describing Lectromelr 
Furnaces, write Pittsburgh Lectromele 
Furnace Corporation, 326 32nd Street, 


Pittsburgh 30, Pennsylvania 


Manufactured in.. GERMANY: Friedrich Kocks GMBH, Dusseldorf . ENGLAND: Birlec, Ltd, Birmingham 
FRANCE: Stein et Roubaix, Paris... BELGIUM: S A. Beige Stein et Roubaix, Bressoux Liege . . . SPAIN: 
Cenera! Electrica Espanola, Bilbeo ITALY Form: Stein, Genoa JAPAN: Daido Stee! Nagoye 
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PRODUCTS that are 
improving the efficiency and speeding 


production in American industry 


USG" Brushes are ovail- 
eble in production or re- 
plecement lots in carbon, 
cerbon - graphite, electro- 
graphitic, pure graphite 
and metaigraphite grades 
for all types ef rotating 
electrical equipment. 


GRAPHITAR® (corbon-graphite) is 
versatile engineering material of 
carbon-graphite composition offered 
in many grades for bearings, seals, 
piston rings, pump vanes, thrust 
weshers, volve seots, pistons, bush- 


Metallurgica! graphite 
grodes for corben control 
in iron and steel melting, 
mold coatings, hot top- 
ping compounds, Cordip . 
Mexcloy for refroctory 
mixtures ond other MEX- 
ICAN products 


GRAMIX". Sintered-metal bearings. geors, 
coms. slides. rollers, bushings ond machine 
ports available in ferrous and non-ferrous 
The mete! with the built-in lubri- 
cohen 


OUR 101ST YEAR 


THE UNITED STATES GRAPHITE COMPANY 


DIVISION OF THE WICKES CORPORATION © SAGINAW, MICHIGAN 
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Melting of High Purity Uranium 


A melting process was developed by which high purity electrolytic uranium crystals can 
be converted into sound ingots without serious contamination. Careful preparation of the 
crystals, melting in a high vacuum, and directional solidification led to a metal of better 
than 99.993 wt pct purity. The metallographic examination showed a substantially clean 
metal with only residual amounts of a second phase which responded to heat treatment 
The density of high purity uranium is 19.05 g per cu cm. 


OR the study of the fundamental 
F iranium and its alloys, a 
purity is needed, and an 
at Argonne 


methods of preparing high purity 


properties of 
base metal of high 
investigation started 
examine 


uranium 


was 
several years ago to various 

Early 
1e fused salt electrolysis 


success was achieved by tt I t 


igh purity metal in crystal 
that of melting the 

ingots without contamination. The 

ppm of 

and large quantities of 

form of trapped fused 


melting in 


orm,’ and the problem became 


ler 
crystais eiec- 


trolytic crystals contained a few heavy 


} 15 ppm C, 
potassium and lithium in the 


salt electrolyte On 


t} 
netais, iess nal 


vacuo in magnesia 
urania crucibles, the metal picked up considerable 

and r iron, copper, and 
silicon but lost most of the potassium and lithium 
and much re- 


search work was necessary to determine the optimum 


yuantities of carbon 


It was not metallographically clean, 


melting conditions for minimum contamination. This 
work has resulted in the development of a melting 
procedure by which sound ingots can be prepared 
with only a limited contamination by carbon 

In the section entitled “Melting of the Electrolyti 
Metal,” the equipment and processes that have been 
ieveloped for melting the electrolytic crystals are 
les bed in detail. The “Metallography” section 1 
levoted to the metallography of high purit lla- 
nium, and the section “Density of High Purity Ura- 
niun contains the first property measurement on 


high purity ranium—a density 


determinatior 


Melting of the Electrolytic Metal 
Apparatus Melting and Vacuum Eq ipment 


uty 
nium may be melted in istance ol! 


Ura- 
induc- 


Resistance heating 


either res 


tion-type electric furnaces 


was 
B. BLUMENTHAL, Member AIME, is Associote Metallurgist 
Argonne National Laboratory, Lemont, III 
Discussion of this paper, TP 4125E, may be sent, 2 copies, to 
AIME by Jan. 1, 1956. Manuscript, Feb. 7, 1955. Chicago Meeting, 
February 1955 
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found to be preferable to induction heating for melt- 
ng down the el 
Although 
ing, this advantage cannot be utilized when crucibls 
with limited thermal 
Temperature control of 


‘ 
troiytic crystal for several rea- 


sons induction heating permits fast heat 


shock re used 
melt 

rate of 
crucible, slag 
liquation and controlled 


difficult to carry 


sistance are 
induction-heated 
and the stirring effect increases the 
contamination of the 
or the 


ondinfication are 


poor, 
melt from the 
furnace atmosphere; 
out Jecause of 
» objection , resi 


A 10 kw 


capacity 


tance heating was ch 


osen 
tance fu 
form heating of a 
melting point in 45 The furnace 
with a aluminum shield 
and removal of the shield, the 


room tempera 


Globar re heat 


uranium 


rnace of low 
permitted un 
charge to its min 
insulated 
so that 


furnace 


was removable 
melting 


could be 


after 


yuickly cooled to 
] 


ture. The furnace was equipped with an apparatu 
for directional solidification; see Fig. la. The crucible 
was suspended in the center of the furnace; and 
when the melting was complete, the crucible wa 
slowly lowered into the i end of the furnace tube 
Solidification took place upward from the bottom 
and when the ite of lowerir va m 1 sound 
ingot free fron nk hole and shrinkage cavitie 
vas produced 
To remove the large quantit« of is contained 
n the elect. tic crysta melting in a high vacuum 
mandat y While ! m the tandpoint of con 
tamination, melting in a highly purified argon atmo 
phere appeared feasible, lithium and potassium re- 
moval p! eda it efficient under uch condition 
Also, a vacuum-melted ingot has a cleaner irface 
than one melted in an inert atmosphere. The vacuum 
ystem must De f ve high pumping speed and 
leak tight that f ie than 2x10" mm 
Hg is attainable when the system is pumped down 
cold tem must have a high pumping speed, 
o that the pre ire maximum which may rise to 
1x10°* mm during heating can be quickly reduced 
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Fig. 1b—An enlargement of por- 
tions designoted 4 and 5 in Fig f — 
la shows the suspension, within 
the furnace tube, of the urania | | 
crucible and tantalum container 
in o TaW cage 


1 metal with carbon. Experiments were 


alundum 


zirconia, Magnesia, and 


crucibles 1 of these materials 
yiten uranium. Real progress was 
ire urania crucible became avail- 
irania reacts with uranium, the re- 
actior iow at moderate temperature nce ura- 
it 10¢€ not wet the crucible and an obvious 
penetration of UO, into the melt was observed only 
when the metal was heated in an induction furnace 
to about 1700°' Improvements in the quality of 
irania crucible hortening the melting time, and 
edu g the holding time at the melting tempera- 
ture reduced the oxygen contamination; metal with 
é than 10 ppm O wa eadily produced. The 
a t crucibles lasted for four to five melts and 
. would have tec longer were it not for a slight 
of low heot indercut that 4 developed near the top of the 
Diagram meit which made it difficult to remove an ingot afte: 
everail meit 
Gette During the development of the melting 
na vacuum equipment t was noted that contam- 
bon nat f the electrolytic metal by carbon could be 
; . ibstant reduced by placing the urania crucible 
le a tantalum cup; see Fig. lb. The tantalum cu; 
- . nted the furnace atn phere from reaching the 
. t t vsta r the moiten metal without first 
ict with the tantalum getter. Tantalun 
a est . emove residua ganic vapors from the 
i me it fu ele vtic crvst 
, ) i! t in va in ystem without a co 
‘ i a tantalum cup wa great it a 
r tir vwnen a vacuum system of high pumping speed 
of aried n eff ent i trap was not vet available. The 
, - ent tem with the Chevron-type cold trap no 
. " equires the use of the tantalum « Ay In some 
expe e! im partia rt tally repiacea 
t—Pt-R} tantalum without noticeable improvement 
f the fur Analyses—Sampling Procedure: Because of the 
eT trer ensitivity of uranium to oxidation and con- 
true tem- tal tion Dor mh elaborate impiing f - 
tu ‘ edure wa ised f the eparation of mpies for 
‘ ina A fte emova f the cuter ngot aye! 
eit turnings ere taker itas ite from the 
entire cI -sectior witl i carbide to ising dis- 
hor ‘ wate i int he Sarr pie a £1as 
nsed several time n acetone. then in 
ted } th lilute HNO, and finally 15 to 20 time n pure dis- 
. ap- ' i wate The wate was decanted and the sam- 
iried a vacuun lesiccats ising a iiquid 
, ed t en cold trap ir njunction with a small me- 
‘ rect : ca pump. Care must be taken to prevent 
f rr enterir g the iun le ccator 
iitable for seca ust its clear urface, the sa 
4 tan } c. Once a slight oxide coating has formed. the 
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Fig. 2—The furnace and vacuum system used in melting the elec 
trolytic uranium cre shown schematically 


ample may be removed from the bottle for weigh- 


ing in 


This 


air and subsequent analysis 
ampling method is 


nitrogen determinations only, 


and 
glass itself 
be a source of silicon contamination. Samples 
are cleaned with HNO, 
distilled water, and 


used for carbon 
since the 
may 
for spectrochemical analysis 
in a platinum dish, rinsed in 
dried with acetone 

Analytical Methods 
ods are adaptions of procedures previously described 
The combustion method for carbon 
described by C. T. Rodden,* the Kjeldahl 
nitrogen by K. J and R. J 
Mundy," the vacuum-fusion method for oxygen by 
D. H. Templeton and J. I. Watters,’ the capillary 
trap method of oxygen analysis by W. G 

analytical method by R. G 

and D. H. Templeton,” and the carrie? 
method of spectrochemical analysis by S. F. Scribner 
and H. R. Mullin 

Electrolytic Metal and Its Preparation for Melt- 
ing—The electrolytic uranium is prepared by fused 


salt electrolysis 


The various analytical meth- 


in the literature 
has been 


method for jensen 


omuey, 
Mansfi« ld 


distillation 


the chlorine 


using a molybdenum cathode and 


a iranium 


inode in an electrolyte consisting of 
LiCl and KCl and 30 pct 


jensity of 100 amy; 


450°C in an 


eutectic mixture of 
UCl, at an initial current 


sq ft and at a temperature of 400° jo 


argon atmosphere. The metal is low in carbon and 
pectrographically free from metallic mpurities 
except for traces of aluminum, copper, iron, and 
on. It contains, however, lithium and potassiur 

i" bably in the form of trapped ilt electrolyte The 
electrolytic ¢« tals are needielike in shape and fre- 
yuently exhibit a dendritic form, making it difficult 
to ve the trapped ilt elect oly te and clean the 
metal thoroughly prior to melting. The cleaning 
procedure comprises: 1—treatment with HNO, for 
the removal of oxide films (concentration 1:3 
(HNO,:H.O) which may be varied, depending or 
the rate of dissolution), 2—-washing for 48 hr in 
inning tap wats } a second HNO, rinse to re- 


formed during washing, 4 


n distilled water, and 5 


nsing five to ten times | 
rinsing three times in 100 pct alcohol 

The crystals are placed in a fine wire mesh stain- 
less steel basket and dipped first in a k 
»f HNO, and then in a beaker of water. For pro- 
onged washing, the basket rotated in an inclined 
position in a trough with running water, causing the 
crystals to tumble. The tumbling action should be 
ve slight to prevent the crystals from breaking uj 
nto fine particles. Subsequent rinses are made by 
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Sx 
Fig. 3—Chevron-type i 
cold trap shown in , i 
the diagram was de- 
veloped by Robert E r 
Macherey at Argonne 
National Laboratory 
The total cross-sec 
tion is large enough ‘ 
to keep losses of t 
pumping speed rela 
tively small \< + 
~ ) 
3 


HNO 


crystals are col 


dipping the basket in beakers containing 


wate! clean grey 
filter 


is quickly removed with ar 


or alcohol. The 
and most of the alcoho! 
The n 


and placed in 


lected on a fritted glass 
aspirato! 
pla ed in a porce lain dish, spre ad out 
tor connected to a 
with a liquid 


ving for 1% to 2 hr, the 


inical oil 
cold trap 
has a very 


a vacuum desicca mech 
pump equipped 


After 


nitroger 


metal 


slight yellowish tinge, indicating the beginning of 
formation of an oxide film. If the surface of the 
metal looks decidedly yellow-greer the oxide film 
is heavy enough to interfere with the subsequent 


The desiccator placed in a glove box ince 


the pure dry uranium crystals are pyrophoric and 
require handling in an inert argon atmosphere 
rhe metal! is then pressed into compacts %4 or 1 in 


in height under a pressure of 5000 psi 


rhis pressure produces compacts of sufficient strength 
for handling, yet porous enough to permit gases to 
escape readily during heating The crucible is 
charged it le the glove box with three to four com- 


pacts and quickly transferred to the furnace for im 
mediate evacuation. The argon ga n the crucibl 
protects the t from ignition during transfe! 
The crystals and compacts are handled with clean 
grease-free tools 

Melting Procedure——After careful cleaning and 
drying, the electrolytic metal still contaiz esidual 
electrolyte, water vapor, alcohol, and dissolved hy 
lrogen On t ight appeared idvantageou 
to heat as slowly as px ble to remove most of the 
gases at a vy temperature 

Siow heating, howeve iid not produce satisfac- 
tory ingots. The individual particle did not fuse 
together, apparently because very stable films formed 
on the rfaces during heating. It appeared to be 
more important heat fast and to reduce the time 
during whict arg irface area were exposed to 
oxidation than to heat at the lowest po ble total 
gas pre ire Such procedure makes imperative a 
vacuum system of higt mping speed 

The ystem is pumped down cold to an initial 
pressure of 5x10° mm Hg. A pressure maximum of 
10° mm Hg occurs during the early heating period 
and cannot be explained by the evolution of hydrogen 


other gases a pors from the electrolytic crys- 


al alone ince occul both on heating of elec- 


trolytic compacts and on remelting of primary ingots 
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analweic of thece data chows that the use of a tan- 


Table |. Composition of Some Primary High Purity Electrolytic Uranium Ingots 


( hemical 
Analyets Spectrechemical Analysis.: 
Ppm 
Sample 
Lecation’ N d Ce Fe 


enter of the bottor 


f spectrochemica! 


compacts were prepared for this melt by the method 
d in the preceding section. If the metal is 
y washed, ie., if the 48 hr washing and 
nt HNO, rinse are omitted, the metal will 
and the ingot will look like the one 
5. When primary ingots are combined 
to form a large ingot, a bright ingot 
obtained with only the top surface of the 
red by oxidation. Ingots weighing 800 g 
nave been prod iced by this method; see Fig 6 
Composition .{ High Purity Electrolytic Ingots 
The composition of some high purity primary ingots 
by the procedure described in the foregoing 
le I. High purity uranium 
9 ppm C, less than 10 ppm 
rage of 6 ppm Al, 2 ppm Cu, 
0.5 ppm Mg, and occasionally 


s the variation of the carbon content 
of melts 
made from crystals that were 


op m s ons of four series 


Fig. 4—A satisfactory standard pri - i 1e procedure described in the 
mary high purity uranium ingot pr ding ction. Series C and D were made from 
8.236 produced by the process de ystal t washed for 48 hr in running 
scribed «3 shown in the mocrograph water ; n 2. The cleaning of these 

with step 3. The melts of series B 
otected by tantalum cups. A statistical 


Fig. 6—Standard consolidoted 
Fig. 5 — Unsatistoctory high purity uranium ingot 8.235 
primary high purity ura resulted when primory ingots 
nium ingot 8.171 re were combined by remelting to 
sulted when the metal form a large ingot. The surface 
was insufficiently wash is generally bright with the ex 
ed If the 48 hr washing ception of the top surfece which 
ond subsequent HNO, is discolored by oxidetion. X! 
rinse ore omitted, the 
metol will fuse poorly 
and the ingot will ap 


peor as shown in the 
macrograph x2 
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Men 
4 Ne Mn si 
B-21¢ B 5 2 i 1 05 2 
r ‘ 2 1 0.5 1 
24 
T 17 2 5 05 05 5 ‘ 
, ; ‘ present: B. new © bott end of the ingot near the center of the ingot; BC, yy, 
‘ hiurn were below the ts of spectroche sl detecti The limits (ne 
Its be assurmed that the gases released from the 
“id f é tribute to the pressure ris¢ The 
ent melt f jure attempts to complete the 
rie ta if} 45 t 50 min 
ther? ‘ iple ind ate ternperature of 
kept at ti nominal tempera- 
1 t? icible lowered into the 
t t furnace at ate of 13 in. per hi 
1 aft 10 to 15 min. If the 
‘ t! ‘ I ktended per 1 of time 
tr ind xyger 
‘ ‘ ed +} melting pro- 
4 ihe elect ytic crvysta 
Table II show 
ee 
. 
a 
= 
— 
‘ 
A 
¥ 
d 


analysis of these data shows that the use of a tan- 
talum cup does not significantly affect the carbon 
content of the metal. The carbon contents of the 
top sections are not consistently higher or lower 
than those of the bottom sections. The data of series 
A and B, on one hand, and of C and D on the other, 
may therefore be combined to yield an average 
carbon concentration. The data show that the carbon 
content of high purity metal made from washed 
crystals is 16+2.3 ppm at a confidence limit of 95 
pet. The data also show that the accuracy of a single 
carbon determination is +6 ppm and that the accu- 
racy of duplicate determinations is +4.5 ppm at 95 
pet confidence limit 

The difference between 16 and 20 ppm C for metal 
made from crystals that were washed for a long 
period of time and others that were washed for only 
a few minutes may appear insignificant in view of 
the overlapping deviations and the spread of dupli- 
cate carbon determinations. While improvements in 
the appearance of the ingot and the better fusion of 
washed crystals may be sufficient to justify the pro- 
longed washing, it is nevertheless felt that washing 
helps to control the carbon content of the metal in 
the following manner: The electrolytic crystals 
themselves probably have a very low carbon con- 
tent. A substantial portion of the carbon content of 
the crystals is not in solution but is suspended in 
the salt electrolyte trapped in the crevices and cor- 
ners of the dendritic crystals. Washing, therefore, 
should help to remove the salt and its carbon con- 
tent. In any event, the carbon content of the pri- 
mary ingots became consistently low only after pro- 
longed washing was introduced into the process 

The oxygen content of high purity uranium was 
first determined at Sylvania Electric Products Inc 
by vacuum-fusion analysis on 19 samples from four 
ingots giving an average of 8.4 ppm. When oxygen 
analyses could be made at Argonne, several more 
ingots were analyzed, and values of 5 to 8 ppm were 
obtained for primary melts. In view of the con- 
sistency of the results obtained at Argonne, it is felt 
that 8 ppm is a significant value for the oxygen con- 
tent of primary high purity uranium. Chlorine 
analyses of a primary ingot (B-256) gave 4 to 6 ppm 
Cl. For analyses of large ingots consolidated from 
primary ingots, or portions thereof, see Table III 

By adding 
ing 15 ppm for the sum of all impurities not detected 


by the spectrographic method, high purity electro- 


the average concentrations and allow- 


Table 11. Carbon Content of High Purity Uranium Ingots 


Carben Centent in Ppm 


Tep Bettem 
Num- See- Sec- Aver- 
ber Cenditions tien tien ace 
B-216 A—Crystals washed in running 3. 1 3.7 9.25 
B-222 Melt protected by 22, 26 15, 16 19.25 
B-225 m 10 10.0 
B-236 | 7.18 17.5 
B-213 B—Same as A but melt not 20, 14 17.0 
B-220 protected by tantalum. * 9. 10 16, 24 148 
18, 20 16, 19 18.3 
| 12 1 11.5 
15 is 17.0 
12 16 14.0 
20, 22 21, 21 21.0 
16, 15 15.5 
2 21 
17 Crystals washed for short 15, 25 19, 25 21.0 
1 time only. Melt protected 25, 26 27, 30 27.0 
181 by tantalum.t 15, 23 19, 21 19.5 
B-182 24, 33 13, 19 22.3 
B-196 11, 20 i5.5 
B-188 15, 16 13, 14 14.5 
B-183 21, 22 15, 23 20.3 
B-194 17, 1 17.0 
B-195 24, 29 26.5 
B-201 16, 18 15, 18 7 
B-202 18, 24 23, 25 22.5 
B-190 D.—Same as C but melt not 14, 16 16, 20 16.5 
B-191 protected by tantalun 19, 22 17, 23 20.3 


* Average of conditions A and B was 15.9°2.3 ppm at 95 pet cor 
fidence limit 
Average of conditions C and D was 20.07¢23 px at O5 


lytic uranium is estimated to be better than 99.993 
wt pct pure 


Metallography 

Preparation of Metallographic Specimens— After 
mechanical preparation, the specimens were electro- 
polished in an electrolyte containing 5 parts of 85 pct 
H,PO,, 8 parts of ethyl alcohol, and 5 parts of ethylene 
glycol at a current density of 30 milliamp per sq cm, 
using a stainless steel cathode and a platinum wire 
anode in contact with the surface of the specimen 
They were etched electrolytically in a solution of 
2 g citric acid, 0.5 cu cm HNO, (1.42), and 97.5 cu 
cm water at 15 milliamp per sq cm current density 
In some cases, an electrolyte of 8.5 g H,C,O, in 100 
cu cm water was used 

Microstructure—Electrolytic uranium that has 
been melted and directionally solidified has a micro- 
icture as shown in Figs. 7 and 8. As-polished, the 
metal contains no large inclusions but numerous 
minute ones. As electrolytically etched, the metal 
shows a uranium and traces of a second phase which 


Fig. 7—Micrograph of high purity uranium Fig. 8—When the high purity uranium was Fig 9—Numerous minute particles, believed 
as-polished shows no lorge inclusions but etched with H.C.O., « uranium become visible, to be particles of residual fused salt elec 
numerous minute ones. X100. Area reduced ond also seen were traces of a second phose trolyte, shown in uranium as-polished, were 


approximately 30 pct for reproduction 


which appeors os an incomplete eutectoid net- practically absent from high purity uronium 


work that does not follow the « grain bound- thot was liquated for 24 hr at 1200°C. X100 
ories. X100. Area reduced approximately 30 Area reduced approximotely 30 pct for re 


pct for reproduction 
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fide 


4 
at 
- >. 
~ 
Fig. 10—When high purity uranium was etched Fig. 11—Micrograph of directionally solidified Fig 12—After the uranium shown in Fig. li 
with citric ocid and HNO. comet troils which uranium shows on increased amount of pre- was annealed for 3 hr at 950°C and water 
resemble channels, mostly empty, appeared. cipitate from an area adjacent to the peri- quenched, all of the precipitote is im solution 
100. Aree reduced approximotely 30 pct for phery of the ingot. Somple wos etched. X50. Sample wes etched. X50. Area reduced ap 
et reproduction Area reduced approximately 30 pct for repro- proximately 30 pct for reproduction 
duction 
ty and HNO, shows comet ta that Nape 
‘Cus t a } resemble channels, in most cases, empty one The 
‘ ‘ tr met tall ait aralle ] it? me The at 
: not occur when the metal electrolytically etched 
t ’ ed i th H.C,O, (F 8). An HNO, etch subsequent to ar 
if ) | H O, etch also makes them appeal The comet tail 
" > t i ed t mechanical deformation inadvert- 
the ent produced during the preparation of the speci- 
ner I itting and grinding ince emoval of 
¢ f i etal f rm the irface of a specimen to the depth 
t at f 6 in. by elect ytic polishing does not elim- 
t f 24 hr a te the appearance or ibsequent electrolytic 
}) tcl The comet tails e not affected |t heat 
minim i by treatment and, therefore, are { bably not caused 
the | ence of small uraniun xide, carbide, o1 
t t tride ir n 
; t S etimes the omet ta ire more numerous 
49 " ‘ ‘ the ty than near the botton fa wly direc- 
tat tior lified ingot. They d t appear afte 
at 1200°C) Tr ht ind ate that 
the ure ised } elativelv ht contaminant 
whicl nsoluble in uranium. Since the chlorine 
hat . t he tent of the metal is reduced from 4 to 6 ppm to 
‘ thar pprir du nz alr r juat it 1200 ( 
the tr y be hat the comet tails are ised the 
t ea ence re jual fused salt electrolyte whict 
eke t tota f er edd ng the metallographic prey ition. The 
t ‘ } f the contaminant may leave a channel- 
avit i st t hole which ma become the 
! t I t of a eferential dissolution of the 
‘ ta On the ther hand t quite os ble 
met ta e nothing but a preferentia 
; \ non ant vtic etching effect 
ty Effect of Heat Treatment on Microstructur If 
| ect r iranium is heat treated for 3 hr at 1000°C and water 
Table I!|. Compositions of Some High Purity Consolidation Ingots Made from Standard Primary Uranium ingots 
hemica!l 
Anelwvets Spectrechemical Analysis 
Inget rpm pm 
“ Weight 
‘ al Cr ce Fe Me Mon 
he cente ‘ Re ‘ het 
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Fig. 13 — Subsequent SET 
onnecling for 
weeks at 635°C of the Das 
uraniwm shown in Figs 

11 and 12 produced 

well formed a grains 

with the precipitate re 
appearing both inside 

the grains and on the 

grain boundaries. Sam 

ple etched. X50. Area ae 
reduced approx. 30 pct 


for reproduction 

quenched, the precipitate will go into solution. If 
sufficient precipitate was originally present, it will 


reprecipitate on annealing in the high a range, €.g.., 
for three weeks at 600°C. On reannealing in the > 
range and subsequent slow cooling, the precipitate 
will reappear in a dendritic pattern. Annealing in 
the 8 range does not dissolve the precipitate as 
readily as annealing in the y range. A series of repre- 
sentative microstructures is shown in Figs. 11 to 14 
Fig. 11 shows a high purity uranium with an in- 
creased amount of precipitate from an area adjacent 
the ingot. After 3 hr at 950°C 
and water quenching, ali of the precipitate is in 
solution (Fig. 12). Quenching did not suppress the 


daries 


to the periphery o 


to 8 to a transformations; the a grain boun 
are rather ragged. Subsequent annealing for 32 
weeks at 635°C produced well formed a grains with 
I 1 both inside the grains 

and on the grain boundaries (Fig. 13). Subsequent 
annealing for 1 hr at 950°C and slow furnace cool- 


the precipitate reappear! 


ing reproduces a network pattern, coarser but other- 
wise similar to the original network precipitate 
(Fig. 14) 
Density of High Purity Uranium 
high pu 


Directionally sol d hig rity uranium has 
a density of 19.050+0.002 g per cu cm at a confidence 
limit of 95 pct This density value is an average of 
24 determinations on two cylindrical specimens by 
the method of displacement of CCl 

This value is identical with the one reported by 
Katz and Rabinowitch to be the most re liable one.” 
The theoretica jensity calculated from X-ray data 
by Warren and Jacobs” with a 2.852, b 5.865, 
and ¢ 4.945 19.00 g per cu cm, considering that 
these paramets are almost certainly kX units,” and 
sing an Avogadro number of 6.0235x10" and a con- 
ve! n factor from kX to A units of 1.002034. The 
ame calculation for data by Gordon” for a 2.8482 
kX, t 5.8565 kX, and 4.9476 kX yields 19.042 
g per cu cr C. M. Schwartz and D. A Vaughn” 
jetermined the lattice constants on uranium and 
I ind 2.854A BOLUA nd « 4.9555A 
These values give a theoretical density of 19.053 g 
pe icm 


Summary 
A melting process has been developed for the con- 


olidation of high purity electrolytic uranium crys- 
tals into sound ingots of high density without seriou 
yntamination. The metal is estimated to be better 
than 99.993 wt pct pure and metallographically 
reasonably free from impuritie 
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Fig. 14 — Subsequent 
annecling for | hr at 
950°C and slow fur 
nace cooling of the 
uranium shown in Fig 
13 produced a net 
work pottern that wos 
similar to, although 
coarser than, the pot 
tern of the original pre 
cipitate, Fig. 11. Sam 
ple etched. X50. Area 
reduced approx. 30 pct 
for reproduction 
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Deformation Mechanisms of Alpha-Uranium Single Crystals 


The operative deformation elements in a-uranium single crystals under compression at room 
temperature have been determined as a function of the compression directions. The deformation 
mechanisms noted may be arranged with respect to their frequency of occurrence and ease of 
operation in the following order: 1—(010)-[100) slip, 2—{130} twinning, 3—{~172} twinning, 
ond 4—under special conditions of stress application, kinking, cross-slip, |~ 176) twinning, and (011 


slip. The composition planes of the {172} and 


176) systems were found to be irrational. Cross- 


slip was shown to be associated with the major (010) slip system, coupled with localized inter- 
action of slip on the (001) planes. The mechanism of kinking was found to be similar to that 
observed in other metals in that it occurred chiefly when the compression direction was nearly 
parallel to the principal slip direction [100] and was associated with a lattice rotation about an 
axis contained in the slip plane and normal to the slip direction: the [001] in the uranium lattice. 
The resolved critical shear stress for slip on the (010)-[100] system was found to be 0.34 kg per 
mm. In a single test it was shown that under compression in suitable directions twinning on the 


130) also occurs at 600°C 
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Fig. 1—Single crys 
tal ready for com 
pression illustrates 
the general shape of 
crystals thot were 
compressed at room 
temperature The two 
metallographic faces 
eppear to the left 


grinding and polishing on rotating laps, with final 
rface preparation performed in a H,PO,-HNO 


electropolishing bath. A typical crystal readied for 


compression i hown in Fig. 1: their dimension 
were rather small and depended upon the testing 
lirection. Crystals isolated for compression in a 
lirection close to the [010] axis, which lay roughly 
arallel to the longitudinal axis of the polycrystal- 
ne rod. were 3} to mm long and 5 I 
‘ -sectior those prepared fe compre 
the ectior were smaller 
Most of the crystals were free from twin mark- 
gs and showed no evidence of Laue asterism. Sev- 
é ils, however, contained twin traces prior 
to compression; these were identified prior to « 
as te ea listinguish them fr¢ those 
tiated during ef a I The o gir if the twit 
irKiIng lef at ma he ast bed t 
tw irce ther ai stresse anda specime hand- 
iu at and prepa at Tw rhe 
types of imperfection in the crystals should be 


nentioned: inclusions, which were probably oxides 


arbide and three of the crystals contained a 
all number of spherical included grains (<0.01 
Y diam), which were remnants of unabsorbed 
grains from the coarsening treatment. The volume 
epresented | these imperfections wa ‘ and 
their presence presented no difficulties in the inter- 
pretat f the macrodeformation processes during 
subsequent compression 
Two compression fixtures were employed: crys- 
tals A, B, C, E, and G were compressed in a hand- 
operated screw-driven jig whose compression 
platens were designed to minimize axial rotation 
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EFORMATION mechanisms of large grained 
4 4 
ave 

4 


TRAMOAL 


the remaining crystals were compressed in a second 
fixture which was designed to further minimize the 
restraining forces at the compression faces by allow- 
ing their relative movement with respect to each 
other and to give a continuous record of the load- 
contraction curve. A schematic drawing of the latter 
fixture is shown in Fig. 2. The upper compression 
platen A had a spherical surface ground on its upper 
end; a matching spherical surface ground on plate 
B affixed to the cross-head of the machine insured 
axial loading. The lower compression platen C was 
supported by ball bearings, with the latter resting 
on base D. The platen surfaces in contact with the 
specimen and the surfaces in contact with the ball 
bearings were ground optically flat 
Load-contraction curves were recorded automat- 
ically by means of an extensometer attached to the 
upper and lower platens. The crystals were com- 
pressed in a screw-driven tensile machine at an 
average strain rate of 4x10“ in. per min. At the 
first indications of a sudden drop in load or a change 
in slope in the load-contraction curve, compression 
was interrupted and the crystal removed for metal- 
lographic and X-ray studies. This process was re- 
peated on each crystal until it was evident that no 
further types of deformation markings would appear 
The orientations of the crystals were determined 
from back-reflection Laue photograms.* Trace iden- 
tifications were made by either two-surface analysis 
or by the pole-locus* method. By means of a special 
micrometer specimen holder which permitted pre- 
choosing of the area to be X-rayed, direct experi- 


ital verifications of the orientation relationships 


between parent and twinned portions were obtained 
from Laue photograms, containing both matrix and 


twin reflections 


Fig. 2— Schematic 
drawing shows the 
second compression 
fixture which was de 
signed to further 
minimize the re 
straining forces at 
the compression 
WAL faces. Letters repre 
a sent: A, upper com 
pression ploten; 8, 
ploten affixed to the 
cross-head of the 
—_ machine; C, lower 
compression ploten; 

and D, the base on 


Table |. Compression Directions with Reference to Principal Axes 
in o- Uranium 


Displacement of Compression Direction From 
In Degrees 


Crystal {lee} 
A 88 16.5 7 
B 71 80.5 22 
c ag 
87 89 
G 2 89 885 
74 89.5 
J 7 245 73 
K 2 77 61.5 
I 15 89.5 
M o4 78 29 
N 19.5 71 a9 
Oo 27 84.5 oa 
P ay 61 29 
Q 59 88.5 
R 2 81.5 a4 
89.5 gS a0 5 
T 27.5 90 62 
7 aa 
49.5 47.5 
51.5 46 49 
x 1.5 645 72.5 
y 46 ag a4 

Compression 
F 8&9 
Results 


Twenty-two crystals were compressed at room 
temperature and one at 600°C. The compression 
directions are plotted in (001) standard projection 
in Fig. 3; their angular displacements with refer- 
ence to the principal crystallographic directions are 
tabulated in Table I. The experimental data are 
discussed with reference to the modes of deforma 
tion that were observed 

Slip Mechanisms—(010) Slip: The most frequently 
observed deformation mechanism was slip on the 
(010) plane. All crystals except A and E contained 
traces which could be ascribed to (010) slip; sce 
Fig. 4. It should not be inferred, however, that slip 


ik 


on the (010) plane was the predominant or pre 
ferred mode of deformation; in most instances, it 
was accompanied by twinning on one or more twin 
systems, by kinking, or by cross-slip. Only crystals 
N and X deformed exclusively by (010) slip; crys 
tals C and W deformed mostly by (010) slip al- 
though some propagation of {130} twinning was 
noted. From Fig. 3 it is evident that these four 
crystals were favorably oriented for (010) slip 

The slip direction for this system may be deduced 
from several consideration In nearly all metal 
the slip direction is the most densely packed dire« 
tion in the slip plane; this criterion would point to 
the [100]. Two experimental observations would 


seem to substantiate this. The asterism of Laue spots 


which platen C, sup resulting from slip deformation has been shown in 
ported by ball bear other metals to be due to an accompanying rotation 
ings, rested about an axis lying in the slip plane and perpendic- 
ular to the slip direction.. Back-reflection photo 
Fig. 3—Compression di 
rections studied are plot 
ted in (001) standord pro- 
jection. Dotted lines de- ev 
lmeate areas of operation “he q Fig. 4—Two-surface anol 
of vorious mechonisms - yses of deformation traces 
010) slip, all crystals ex ry a for all crystols are sum 
cept A, E 130) twin ‘ P morized. Also included is 
ning, areas |, Il; (172) summation of pole-loci 
twinning, area Il; (176) of {O11} slip traces on 
twinning ond (011) slip, crystals E and Y 
crystals cross-slip, 
upper portion of area 
kinking, lower portion of . 


oreo Ii! = 
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Fig. 5—Cross-slip in 
crystal shown 
The vertical 010 
ship ore jomed 
by short (001) slip 
hemes, resulting im the 
irregular traces 
Bright field 
Area reduced ap 


proummeotely 30 pct 


for reproduction 


08 
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Fig. 6— Multiple 
kinking and irregu 
lar cross-slip troces 
in crystol are 
shown. X22 Area 
reduced approxi 
mately 30 pct for re 
production 


o—/(130} plane 
b—(172) plone . 
c—({176} plone 


Fig. 7—Crystallographic orientation relationships of twins are 
shown im projections o, b, and c. Symbols represent: open circles, 
orventation of porent; triangles, orientation of twin; and solid cir- 
cles ave observed reflections on Laue photogroms 


as a deformation mechanism in compri‘ssion must 

be viewed as minor; furthermore, its identification 

the pole-locus method is necessary but not suffi- 
ent 
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f 
° 
= 
ysta that ned t (010) 
+} nsiderabi tation of the othe: 
the ine and perpend 
| nea +} titer 
lirect eduction may be 
‘ be wh ha . 
t tantia nm the 010) 
t ‘ m- 
1A t t which tl ntra 
ted the ti (176 
h indicates that 
pre ‘ fay able 
mn the ma 110) yseten ‘ ts role 
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o—Stondard projection for {130} plone 


Fig. 8—Projections show areas of compression for twinning on the indicated systems 


respective twin systems 


b—Standard projection for {172} plane 


Single cross-hatching indicates that one twin plane will operate 


c—Standord projection for (176) plane 


Letters indicate crystals yielding the 
double cross-hotching that two 


twin planes will operote, triple cross-hatching, three, and quadruple, four 


Cross-Slip—cCross-slip deformation was obtained 
in crystals M, Q, R, T, and Y which 
nearly parallel to the 


early stages of deformati 


were compres ed 
(010) plane. The 
yn were characterized by 
a general surface roughening followed by the forma- 


tion of distinct traces. At high magnifica- 


irregular 
iu traces were resolved into 
distinct directions, e.g., Fig. 5. One of these trace 
appearing almost parallel to the compression direc- 


ion, was analyzed by 


le-locus me 


other trace directions ay 


peared as short segments connecting the (010) sli; 
trace By extending the latter to the common ref- 
erence edge and applying two-surface analy they 
were identified as (001) planes (Fig. 4) 

In cross-slip, the slip direction is the same for the 
participatir planes, which would point to the 
[100] as the ip direction for the (001) plane. Som 
evidence for this may be derived f m the fact that 
the gross displacement of one end of the crystal wit! 
espect to the other was in the [100] direction; als 
the asterism of the Laue spots indi ited a tatior 
about the [010] direction. This is the type f Laue 
spot distortion that would be expected from slip on 
the (001) plane n the [100] directior It must be 
pointed out, however, that it was imp ble t 
iniquely solve for rotation about the [010] directior 
because of the accompanying rotational asterisn 
resulting from slip on the (010) planes 

Kinking—Kinking was observed in crystals G, K 
O, and T. Two- analysis of the planes bisect- 
ing the slip planes in the parent metal and in the 
kink bands indicated their poles to lie near the [100] 
direction, Fig. 4. The formation of kink bands was 
characte zed by idder il I n load and a idibl 
clicking in much the same manner as during twin- 
ning. Crystals yielding this deformation exhibited 

nsiderable irface tilting in the form of band 


ip to 0.1 mm, Fig. 6. In some 


cases the bands passed completely through the crys- 


tal with reasonably parallel boundaries; in other 

the kink bands assumed lenticular shapes and ended 
within the bounding surfaces of the crystal. Twir 

that were present prior to compression were found 
to be bent at the kink band boundari« In some 
nstances {130! twins were formed within the kink 
bands: the compression directions were such that 
this twinning should not have occurred under condi- 
tions of simple axial loading, and it must be as- 


were formed as a result of complex 
Laue patterns from kinked areas exhibited exten- 
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only to a limited extent the crystalle 


sive rotational asterism about the [001] direction 


which is consistent with the type of asterism ob 
served for the (010)-—[100] slip system. In thi 
sense, the kinking mechanism would appear to be 
basically associated with the major slip process and 


to be consistent with observations on other metal 


where it has been shown that the process may be 
1eEs¢ bed c! talk apni illy as a rotation about ar 
axis which lies in the slip plane and is normal to the 
slip direction—in uraniurn the [001 | 
Twinning—Three operative twinning ystem 


were identified in the present study. They may be 
lescribed in tern f their compe tion plane a 
i Uv 2 172 and 176 The tter two 
nave itional naice the ndicated naices are 
those of planes close to the composition plane 

10} Twinning: The most frequently observed 

twinning was on the 130) plane Seventeen two 

rface analyse if the composition plane (K,)* 

yielded itior vithin a range of approximately 

of the U pole Fig 4 Meta iphicall 
these twirl exhibited tra ht and 1 illel bound 

es whenever they passed through the crystal 
the issumed lenticular shape when they termi 
ated within the crystal 

Solutior f Laue photograms containing reflec- 
tions from both parent and twinned portions ind 
ited the parent ind twir attice t be r 
mages in the 130) plane with a common (001) 
plane, Fig. 7a. The other crysta iphice element 
f th twir ystem, the 7 K nd have beer 
dentified by Cahn‘ and verified by the present study 
i 10 110 and 110 pectively 

From geon etrica de itioy thie crvysta 
graphic directior of mpre n which are com 
patible with twinnir n th tem must lie withir 
the acute ar e portior t the init phere bounded 
by the K, and K, plan rt egion i hown in 
Fig. 8a as the cre hatched » of the tandard 
projectior ngle hatchir ndicate that on] ne 

U0; t pe twir A pe te n that ea and as ble 
hatching that the twe 130) type twir will operate 
Superimposed on th | ection are the compre or 
lirections of the crystals that exhibited deformatior 
I this system Agreement between predicted and 
observed areas of operatior good The 130 
twir n crystals B and E formed after considerab) 


deformation by other mechar ry had red and 


graphic orientations of the compression directior 
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o—Photogram 


wos compressed. Various planes are marked. compression. Polorized light 
duced approximately 10 pct for reproduction. X'2 


Ay Area re 


wos 


duced approximately 10 pct for 


token before crystal A  b—Microstructure of crystal A is shown after 
X250. Areare- was compressed. Various planes are marked 


c—Photogram shows asterism after crystal A 


Area reduced approximately 10 pct for 


reproduction reproduction 
i 
- 
Fig. %—Asterism in crystal A that occomponies extensive {130 
twinning, together with an illustration of microstructure and an ous 
anolysis, 1s shown in two photograms, micrograph, and projection 
d—Projection shows an analysis of asterism 
rotation with the (001) plane pole rotated 
into the center of the projection 
ha ee! ' } esult of f f con on used for crystal A made no allow- 
' t he tw to f ance fo lative motion of one end of the crystal 
‘ ilwa accompa o the other and under such conditions 
‘ ! al I ion would be necessary to accommodate 
whic) ‘ i to the Such lattice distortions to accommodate 
10) une. th «te r 130 i have been shown by Pratt and Pugh” to 
ilwa th exist als zinc 
t rT? by I e phot tude of this accommodation rotation 
i ed : 0 , d stereographically for the photogram 
yh ; ; | tational a 9d shows the solut h the (001) 
‘ f the st " t th ix we I rotated into the center projection 
ed in | ) i 9 a i TI I between the obse values of the 
t tat apt i rn rctation is partially due to the in- 
! t : ed the ability to read the aiffuse extr ities of the arc 
le lit lef that Lust accurate id r the possibility that the arcs of 
I eou hea i iS KINKING ! the (116) and (225) reflections might also include 
th tat e al xis that lie the some intens from the twinned material. This 
e and perpendicu u p directior legree of ation is approximately wt might be 
Ice when a : i the twu expected on the basis of the magnitude of shear re- 
ave the whol Aber ota- ported | ahn for this twinning system (s 0.299 
Dut @ Gis} ement and 2 ) 
nding to the tota ‘ It actice, nowevel 172 ming: The second most frequently ob- 
t? t the case, as inhomogeneite i shear arise served twinning system had an irrational composi- 
f eral ‘ ner the twin does not gf tion plane with approximate indices of {172 The 
th h the crysta perna} t encounters an- dentity of the composition plane (K,) was obtained 
ther twin which prevents its shearing propagation in six two-surface analyses; see Fig. 4. Stereographic 
Judy from the microstructure (F 95), this ts solutions of Laue photograms from crystals J and P 
ecist the condit ne ul A nee both the which contained both parent and twin reflections 
(130) and (130) twins were operative. The method indicated the twinned material to be a mirror image 
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a 


in a plane perpendicular to a <312> direction (Fig 
7b): in a twin of this kind, the latter is also the 
shear direction (n,). 

The metallographic appearance of these irrational 
twins was similar to the {130} type except that they 
were generally not as wide. These twins were found 
to grow progressively with gradual increases in load, 
as illustrated in Fig. 10; in the initial compression, 
twin A has progressed only a little more than half- 
way across the face; during the second compression 
the twin has extended and traversed the face en- 
tirely and twins B and C have been initiated; dur- 
ing the third compression, the latter grew sufficiently 
to cross the entire face 

Fig. 8b depicts the areas of crystallographic direc- 
tions which would result in twinning on this system 
in compression, together with the compression direc- 
tions that exhibited this deformation mechanism 
The correspondence between the required and ex- 
perimental directions is good, except for crystals E 
and G. The {172} twin traces in these crystals could 
be extraneous ones caused by handling or it is possi- 
ble that they were formed by complex stress pat- 
terns resulting from prior deformation mechanisms 

{176} Twinning: A third twinning system was 
identified in crystals E and Y. The first compression 
of crystal E was accompanied by an audible click 
and the formation of several sets of twin traces; a 
composite micrograph of the metallographic faces 
is shown in Fig. 11. Two-surface analyses of traces 
c-d and e-f indicated the twin composition planes 
to have irrational indices close to {176}; this was 
substantiated independently by a pole-locus analysis 
of the single trace directions h, o, s, and vt on the 

Trace s not shown in Fig. 11; it was developed on face A 
fter a subsequent mpress 
same crystal plus four traces on crystal Y. From 
Laue patterns of both crystals containing diffraction 
spots from parent and twinned portions, the two 
lattices were found to be mirror images in a plane 
whose pole corresponded to a <512> direction (see 
Fig. 7c): by definition, the latter is also the twinning 
direction 

The K, plane, the magnitude of shear, and the 
shear direction were determined by goniometric 
measurements. The angles between the normals to 
the parent surfaces and the twin surfaces for traces 
c-d and e-f crystal E were measured on a bench 
microscope by a rotation about an axis parallel to 


IT 


Fig. 10—Progressive growth of 
twins in crystal J is ilus- 
trated in a, b, and c at three 
stages of compression. Polarized 
light. X30. Area reduced ap 
proximotely 10 pct for reproduc 
fon 


o—First compression, crystal J 
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the respective twin trace. The data were analyzed 
according to the stereographic method described by 
Greninger and Troiano,” and the results indicated 
shear directions within 2.5° and 6° of <512>, thus 
corroborating the X-ray determination. The values 
of the angle 24 were 85°30 and 82°30. The sense 
of shear agreed with that which would result from 
a twin system of n [512] and K, equal to (111) 
These results are in agreement with the geometrical 
considerations of twinning, namely, that on a stereo- 
graphic projection the great circle connecting the 
pole of the K, plane and the n, direction must con- 
tain the pole of the K, plane and that the indices of 
the K, plane must be rational and low, and its pole 
cannot be displaced from the n, direction by an 
angle greater than 20°, else the corresponding shea 
is impossibly great. The (111) pole indeed lies on 
such a circle and is displaced only 6° from the shea 
direction. The calculated 2¢ angle is 83°50’, in fai: 
agreement with the experimental values. Thus, the 
complete identity of this twin system is: K, irra- 
tional ~ (176); K, (lll); [512]; irra- 
tional; 2¢ 83°50; and s 0.216 

The regions of operation of this twin system upon 
compression are depicted in Fig. 8c, along with the 
three compression directions that yielded this de- 
formation mechanism. Evidence for {176} twinning 
in crystal P was rather sparse; however, one of the 
traces observed could best be explained by this 
mechanism 

{112}, {121}, {011} Twinning and {110} Slip: In 
addition to some of the experimentally observed 
deformation elements discussed previously, Cahn 
has reported traces which he ascribed to {112} and 

121} twinning and {110} slip; the latter he regarded 
as a minor slip system. Also, the identification of 
the {121} twins he regarded as indefinite, since it 


was based on only three traces analyzed by the 


pole-locus method; two of these were actually more 
compatible with a {110} plane 

In view of the uncertainty of the foregoing de 
formation mechanisms, several crystals were com- 
pressed in directions chosen so as to provide the 
most favorably oriented position for their opera 
tion. For slip, the choice was relatively simple; it 
is the direction inclined 45° to the slip plane and 
slip direction. The choice for a given twin system 


however, is not as simple; geometrical considera 


tions of twinning define the area of crystallographi 


b—Second compression, crystal J. c—Third compression, crystol J 
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either before or after compression, to which {112 
1} indices could be assigned by the pole-locus 


traces 


to 


nethod. The results suggested that the (11 
are probably formed during cooling from the coars- 


1erally present 


ening temperature, since they were ger 
prior to compression. It may well be that the de- 


formation mechanisms reported by Cahn’ but not 


bserved in the present study, are, indeed, operative 
at higher temperatures and under conditions of 
intergranular complex stresses present in poly- 
crystalline materials. This view would be consistent 
with milar behavior in other metals,‘ where dif- 
ferent slip mechanisms have been found to prevail 
at different temperatures. Similarly, Boas and 
Ogilvie” have identified slip systems in polycrystal- 
ne high purity aluminum and a brass which had 
not been observed in single crystal In addition to 
the effects of temperature and stre complexity 
ich tactor as differences in chemical purity and 
the effects of straining rates on twinning deforma- 
tion hould also be considered 

Compression at 600°C-——A single elevated tem- 
perature compressive test was performed on a 
( al oriented so that its direction of compression 
was within 1° of the [016] direction This test was 
performed to ascertain if {130} twinning wa still 
perative at elevated temperatur with no inten- 
tlor f investigating ful the effects of tempera- 
ture on the choice of deformation mechanisms. The 
test was performed in a bell-jar container, filled 
with purified n gas and equipped with a fixture 
whict vided for axial loading of the crystal. The 
tal wv heated by a small platinum-wound fur- 
1 the te perature measured with a chrome!i- 

alumel thermocouple. The compressive loading was 
pplied after the specimen had reached the required 
temperature as to allow its free expar n during 
neating A the load was apphed several audibl 
ks occurred, and the rmation trace 
vere lentified t two- to be 130 
twi The twu vere their bounding 
edges were mewhat irregular but, in general, the 
vere lenticular in shape; at higher magnification 
area entrapped untwinned material left within 


the twin bands could be noted. Even though th 


Fig 1!1—Composite micrograph shows 
matching of {176} twin traces, in faces A 
and B, across the common edge on crystal 
E. Polarized light. X40. Area reduced ap 
proximately 20 pct for reproduction 
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crystal was compressed at 600°C, the Laue spots 
obtained after cooling to room temperature indi- 
cated the same type of asterism, that is, rotation 
about the [001] axis, as that found for crystals com- 
pressed at room temperature in a similar direction 


Discussion 

The deformation mechanisms that have been iden- 
tified as operative in the various crystals are sum- 
marized in Table Il. Only those twinning systems 
are included which were unmistakably identified 
by two-surface analyses and/or Laue twin orien- 
tation relationship determinations. Similarly, the 
slip deformation mechanisms indicated are only 
those that resulted in microscopically visible traces 
The major and most frequently occurring deforma- 
tion mechanisms were: (010) slip, {130} twinning, 
and 72} twinning. Under special cases of stress 
application, deformation by kinking, cross-slip, 
176} twinning, and {011} slip were noted. Thei 
general areas of operation are indicated on a quad- 
rant (001) standard projection in Fig. 3; the bound- 
aries should not be considered exact but rather as 
outlines which include the crystals deformed by the 
various deformation mechanisms 


Table !!. Operative Deformation Mechanisms 


Operative Slip and 
Associated Deformation 


Operative Twin Systems* Mechanisms 
Crys Cross Kiok- 

tal ise 176 Sip ing 
4 2 
B x 
x x 
E ‘4 
G x x 
I 2 x 
J x 
K x x 
I 2 x 
M x x 
N x 
x x 
i 2 2 x 
x x 
R x x 
s 2 x 
T x x x 
t 2 2 x 
x 
x x x 
Y 2 x x 

The numbe efers t he r ber of opera e twin f ‘ 

x | tes that deformatior {f the indicated type w beerve 


The present work has verified the existence of 
130} and {172} twins and (010)-[100] slip, which 
were reported by Cahn,’ and has determined the 


conditions of preferential operation of these systems 


in single crystals under compression at room 
twinning was also found to be 
operative at higher temperatures. Kinking and cross- 
lip were found operative under certain conditions 


perature 130 


with the latter being a cooperative deformation of 
the (010) and (001) planes 112} and {121} twins 
and {110} slip which were reported by Cahn were 
not found to be operative in single crystal inder 
mpression at room temperature. The discrepancy 
may lie in the fact that in Cahn’s work the defor- 
mation traces were obtained at varying tempera- 


f complex stresses 


tures and under conditions of 
Deformation by irrational {176} twinning and by 
011! slip had not been observed by Cahn. These 


ieformations were found to be operative under 


limited conditions of stress application, particularly 
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in the vicinity of the [001] direction and nearly 
parallel to the (010) plane, when deformation by 
the more prevalent mechanisms was effectively ex- 
cluded. There is one inconsistency in the experi- 
mental results with regard to these deformation 
mechanisms: crystal Q, which was compressed in a 
direction suitable for their operation, nevertheless 
did not contain either {176} or {011} traces; it de- 
formed extensively by (010)-(001) cross-slip. The 
reason for the inconsistency is not clear. In view of 
the restricted conditions of operation of these ele- 
ments, it is not surprising that Cahn did not find 
them in his studies; on the other hand, the six trace 
which Cahn did observe and could not identify, but 
preferred to believe that they were extraneous sul 
face markings, might well have been traces belong- 
ing to these deformation mechanisms 

From a consideration of the relative prevalence 
and ease of twin formation in compression direc 
tions permitting two or more twin planes to operate, 
some indirect evidence may be cited supporting the 


view of Bell and Cahn” that the twinning process 


subject to a critical shear-stress law These autho! 
suggest that it is reasonable to expect a criti al 
shear-stress law to apply to the spread of a twu 


across a crystal after a nucleus has formed. Some 
experimental observations in the present study would 
seem to substantiate this view. For example, crys- 
tals oriented for compression in directions near an 
ment of twofold symmetry but slightly displaced 


from it (such as crystals P, | 1. S, and L), alway 
resulted in the initiation of twinning on the plane 
of a given family which had the higher shear-stre 
esolved into the twinning plane and the twinning 
direction, only to be followed late by twinning on 
some other plane of the same family. A simila 
observation, with regard to the choice between two 
different systems, may be made for crystal J 

130} and {172} twins were observed in this crystal 
but the 130 
considerable deforr 


taken place. Apparently, even though (130) twins 


twinning did not occur until afte: 


179 
nation by Lie 


twinning had 


generally formed more readily, the crystal was so 
oriented that it lirection of compression from a 
critical shear-stre viewpoint was more favorably 
oriented for initial deformation by {172} twinning 
Cahn’ and Frank” made two generalizations, with 
regard to twinning, to which they attached special! 
ignificance the rationality, or near rationality 
the plane o! hear and the fact that the observed 
composition plane is always the one of the highe 
ndices in the case of reciprocal twin In uraniun 
t is the 130! and {172} twin planes which are 
operative rather than their respective reciprocal 
the {110} and {112 The same was found to be true 
for the {176} twin syster in no case were there 
traces found of its reciprocal, the lll The nearest 
plane of relatively low indices to the plane of shea: 
for the {176 ystem is the 12] nelined 5°57 to 
t and the near« lirect the 211 nclined 
it an angle of 6 26 The deviations fron it slit 
4 iD t int al il } it the 
cance f ti genera it I th eason, me 
attempts were made | peculats to the ator 
movements in th twi ystem nee a projection 
on the plane of shear would nece tate the consid 
eration of a large numbe of plane und if ar 
analysis were made by considering the sheat plane 
to be the nearest plane of low indict considerable 
error would be introduced, yielai esults of que 
tionabl val 
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Deformation and Recrystallization Textures of Rolled 


Uranium Sheet 


The rolling and recrystallization textures in 300°C rolled uranium sheet were investigated using a 


Geiger 


wunter diffractometer with the modified Schulz reflection technique. Seven sections of sheet 


material were used in order to obtain sufficient data for quantitative pole figures by the reflection 


technique 
matically 


A special integrating specimen table was used for obtaining and recording the data auto- 
The rolling texture was described in terms of several “ideal orientations” in which the 


stronger orientations have either the (110) or (010) poles in the vicinity of the rolling direction. The 
recrystallization texture of the sheet uranium was also described by several “ideal orientations” which 
are somewhat different, except in one case, than the as-rolled “ideal orientations.” 
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A ANNEAL 
\ 550°C 
\ 
AS ROLLED 1.6" | 
\ - - 
\ : | 
~ 300°C. ROLL | 
nepucrion 
ANNEAL 


1HR -525°C 


Fig. 1—Uranium sheet used in the investigation was obtained from 
@ casting of 3 in. sq section, according to this rolling schedule 


a degree. A precaution important in determining 
recrystallization textures is integration, ie., the 
scanning by the incident X-ray beam of a large 
number of crystals, so that representative sampling 
of the texture as a whole is achieved. The technique 
used in the present investigation’ was designed with 
this end in view 

By using seven different sections through the 
sheet material and by assembling the data obtained 
with all into a single pole figure," it was possible to 
avoid specimen tilting angles larger than 30° and, 
thereby, to minimize the errors commonly arising 
from defocusing’ when the Schulz method is used at 
higher tilting angles 

Experimental Method 

Specimen Preparation: The uranium sheet used 
for the present orientation study was obtained from 
a casting of 3 in. sq section, as shown in Fig. 1. As 
indicated, the 1x1.6 in. strip was given an 87 pct 
reduction at 300°C to produce an %&xl% in strip 
During the rolling operation, the leading end was 
reversed for each pass. A part of this material, desig- 
nated A, was used for the determination of the “as- 
rolled” texture and another part, designated B, was 
annealed 1 hr at 525°C and then used for the deter- 
mination of the recrystallized texture 

The preferred orientation in this sheet material 
was investigated using the Schulz reflection method 
with the automatic instrument previously de- 
scribed.” * By using seven well chosen sections cut in 
different directions through the sheet, the quadrant 
of the pole figure can be adequately covered, with 
sufficient overlapping of the data from the various 
sections to afford a good check on the accuracy. Six 
of these sections consisted of a number of pieces 
similarly cut and held together by means of a jig 
Since the reflecting surface on the seventh section 
was parallel to the rolled surface, it was prepared 
from a single piece of the sheet 

Plotting of Data: The intensity data for the con- 
struction of various pole figures were obtained with 
the automatic instrument previously described." The 
uncorrected intensity for each 4 and a position was 
plotted according to the sequence shown for section 
7, Fig. 5 of ref. 6. A similar plot was prepared for 
each section and each reflection. A second plotting 
was then made on a master net which contained all 
data for a certain reflection from each of the seven 
sections. The corrected intensity, used for the final 
plot on the pole figure, was obtained by first sub- 
tracting background from the observed intensity and 
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then multiplying each background corrected inten- 
sity by the correction factor appropriate for the tilt- 
ing angle ¢ in question, as shown in Table I. Contour 
lines of the pole figure were then drawn on a trans- 
parent sheet placed over the net in which a total of 
745 intensity values were plotted. It has been as- 
sumed that each of the four quadrants of a pole 
figure of this material would be practically identical 
because of the symmetry produced in reverse rolling 
and the elimination by etching of the surface layers 
of the sheet. 


Table |. Factors Used to Correct for the Decrease in Intensity 


os a Function of ¢ 


Angle Cerrection Factor 
0 1.00 

1.01 
10 1.02 

5 
20 1.10 
25 1.15 
30 125 


The correction factors given in Table I were de- 
termined by measuring the drop off in intensity with 
increasing ¢ angle of a strong reflection from a ran- 
dom sample of PbS powder. One of the factors 
which has an efféct on the magnitude of this 
tion is the size of the slit system near the CGeiger- 
Muller tube 
narrow receiving slit in order to maintain the re- 
certain uranium reflections, 


correc- 
Since it was necessary to use a rather 


quired resolution for 
the correction required at the higher ¢ angles was 
considerable. 
Experimental Results 

Rolling Texture: The quantitative pole figures, 
with intensity contours, for the 300°C rolled sheet 
ously, are reproduced in Fig. 2. It is 

(010) and (110) pole figures that 
there is considerable concentration of these two pole 
Howe ver, in addi- 


poles 


described prev 


evident from the 


parallel to the rolling direction 


tion there is a considerable pread of these 
away from the rolling direction, which is especially 
evident in the (110) pole figure. There is a sharp 
from 


pole tilted JU to 35 


{OO1) 


concentration of 
the rolling plane normal toward the transverse 
direction and another (001) pole concentration tilted 
15° to 20° from the rolling plane toward the rolling 
direction 

been used in each pole 


A separate sy mbol has 


figure to mark “idea nentation corresponding to 
maxima or high pole concentration These symbol 
without the contour line have been transferred to 
the pole figure hown in Fig. 3 in order to show the 
compatibility of several “ideal orientations” with 
the high intensity area which appear in the (010) 
(110), (001), and (100) pole figure 

The lines which form the quadrangles shown in 
Fig. 3 connect one maximum intensity area or one 
high intensity area from each of the pole figures 
mentioned previou The four symbols which form 
the corners of these quadrangles have the correct 
angular relationship appropriate to the correspond- 


ing poles, namely, 90° between the (001) and the 
(010) (110) of 100): 90° between the (010) and 
(100), and 64° between the (010) and (110). The 


ideal orientation represented by quadrangle I is de- 
} 


fined by definite intensity maxima in the (110), 
(001), and (100) pole figure the ideal orientatior 
corresponding to quadrangle II defined by a defi- 
nite intensity maximum in all four pole figure It 
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Fig 2—Quentitative pole figures with intensity contours, are 
given for uranium sheet rolled at 300°C to on 87 pct reduction 
P hal 
i On tl ther hand, quad- 
‘ f each of the 
entations III 
na lefined 
ered mereiy a 
pread 
andi tne 
niatios how! 
‘ n terms o! 
4 e, 2—dire 
] t ine perpen- 
t which may be 
hown in Fig 
Dit pre id f the 
catior 
be inted 
between the re 
- 
ar ediate enta- 
t i I ws 
ved into Ill 
2 tt fou hift i Ill may be rotated 
t t t the t ie with IV. Orienta- 
t tense than I, IV, or III 
if ur ately equal 
‘ 
‘ e: im e figures for the 
t t it at 
if ) pol ire 1s 
t ed sheet 
} il | (100) 
t from the as- 
t on each 
‘ ‘ ‘ jirect 
ot ed before 
Alth here e high intensity 
re 20 +) the (001) 
‘ wara the the 
ma bse i in these it } a olled 
heet, disappea if t 
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different from 


Fig. 3—Pole figures show the “ideal orientations” used to ex 
plain the relationship between the intensities found on the 
and (100) pole figures of the as-rolled 


imilar to those used in Fig. 2, 

ate high intensity areas in each 
5 several different quadrangles 
ecting a symbol from each of the 
These s are used to 
entatior in the rolled 
ibed in terms of 1—plane paral- 
lane, 2—direction parallel to roll- 
perpendicular to rolling direction 


quadrangle II is identical with 


wn for the as-rolled sheet. In the 


tallization texture, this orienta- 
iefinite intensity maxima in the 
pole figures, with corresponding 


as in the other two pole figures 


yresented by quadrangle VI has a 


location with II and it is defined by 
(001), (110), and (100) pole figures 


areas in the (010). The set of 


ureas defining the orientation V 


II and VI, except the (010) max- 
mmon with II. Orientation V is 


ibe” texture in face-centered- 
» high intensity areas 


ion Vil 


roughly define orientat 


from those previously mentioned 


this orientation, which prob- 
mly an important orientation 


from dashed line The strongest 


texture component is VI, followed 


wientation in the recrystallized 
be quite at sfactorily described 
entatior hown in Table III 
rientation spreads between 1 
and II, and 3—II and V. The 


ads between the ideal orientations 


in terms of a gradual movement or 


is quadrangles. Thus, quad- 
otated 26° about the (001) pole 
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tt 
R 
= 
Ty 
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sheet 
In Fig. 4 symb« 
are ised to desi 
hgure In F 
are rmed DV Cor 
four pole figure 
rey re ent 1deéa ‘ 
ondition, are dé 
lel to the rolling 
be al | puane 
The location of 
juadrangle sho 
case of the recry 
tion is defined by 
(010) and (001) 
high intensity arc 
The orientation rep 
maxima in the 
and high intensity 
maximum intensity 
imum which Is ¢ 
reminiscent of the ‘ 
cubic metals. The loc 
in pole figures whicl | 
are all different 
The symbols used 
ably represent 
pread, are formed 
recrystallization 
by Il and V 
The preferred 
iranium sheet m: 
by the I 1€a 
with considerable 
II and VI, 2—VII 
orientation spre 
may be described 
rotation of the v 


Table Il. “Ideal Orientations” for Uronium Sheet 300°C Rolled 


Plane Plane 
Paraliel Direction Perpen- Multi- 
“Ideal te Rell- Parallel dicalar to plicity 
Orien- ing te Relling Relling in Pele 
tation” Plane Direction Direction Figures 


Table tl 


“Ideal Orientations” for Uronium Sheet 300°C Rolled 


Plane 
Direction Perpen- Multi 
Parallel dicular te plictty 
ing te Kelling Kelling in Pole 
Direction Direction Figures 


and Recrystallized ot 525°C 


o generate the spread connecting orientations Il 

and VI. The spread between orientations VII and Il 

\ sin irlv generated by a rotation and that 
II and V may be generated by 

around the (010) pole 

From a comparison of the intensities in various 

it would seem that the 


may 


m the pole figures, 
relative amounts of the various idea) orientations in 
tallized sheet may be roughly expressed as 


VI Il VllI>V 
Discussion of Results 
Rolling Texture: A comparison of the 


ported for the a -rolled sheet in the present 


results re- 


investi- 


gation with results recently reported by others 1s 
shown in Table IV Although in some cases the ideal 
orientations fo! ture components reported by 
others do not col exactly with those r ported 


here, the deviations are not very iaree and it is 


srobable that essent ally the same components are 

II], or what is essentially 
found in sheet 


in all three previous 


involved Cc 


mpomne nt 


equivaient ) has been uranium 


rolled under varying conditions 


Component I was previo isly found 


n two of the three inv tigation and it was re- 
ported* to increase 1n intensity with increasing roll- 
ng tempe ature Seymoul did not find thi com- 
nonent in room temperature rolled uranium sheet 


On the 1d. Mitchell and Rowland’ did not 
component IV in sheet rolled at eithe high or 


other har 


Fig. 4—Pole figures for 300°C rolled wronium sheet (see Fig 
2) ore shown after recrystallization at 525°C 
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low temperature, and 
find it in shee ] 
600 °C 
temperat 
vestigations 
ponent III, accounts tor a clear! 
maximum 
intensity 

300°C 


mittedly 


nent 


intensé 
intensity 
normal, 


tuons 


workers 


athe! ideal orienta 
absence of a corre sponding (001) maxi- 
mum in the pole figures of the English and Canadian 
certainly represents a Clear~« it and unex- 
I experimental r ilt 


plained difference in 


Or 


for u 


anges 

the jirection betweet the normals of (010) 
and jepending on the r lative importance In 
the deformation proce of (130) and (172) twinning 
and (010) slip. In comparin) these prediction 
with experimental re ult t appears that 


Fig. 5—Pole figures show the 
plain the relationship between the 
010 110). (001), and (100 


lized sheet 


Seymour’ rept 
ure rolled sheet Since mn the 


areas in the othe pole fg 
rolled sheet, the 
the preceding investigations cannot 
differences in the rolling tempt rature. Although ad- 


it 


is probably best to 

and IV chiefly a epresentatives of an 

ntation spread hingu sround the (001) 
maximum 17° away from the rolling plane 


basis ol their theory of deformation tex- 
Calnan and Clew predicted re lling textures 
ranium sheet in which the lling plane normal 


approximately betwee! (101) and (170) and 


Adam and Stephenson’ did not 
at 300° to 400 C or at 500° to 


rted its presence in room 


present in- 
com- 


this component, together with 
defined intensity 
and for high 


ures for the 


in the (001) pole figure 


deviatil results of two ot! 


t be ascribed to 


consider “compo- 


than as well defined 


used to ex 


ideal onentations 
intensities found on the 
of the 


pole figures recrystal 
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Fig. 6—Schematic drawing illustrates possible rotations of the as 
rolled “ideal orientations” which may produce the recrystallized 


ideal orientations.” 


tations uw 
ent pape! 
1 of observed facts 


recrystallization 
and (010) pole 
hip between the 
texture and the 

6 The ignificance, 
a mecn ism 


confined to the de- 
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; | component II, which has been found at all rolling ROTATION 
temperatures, corresponds well to the prediction of _ : 
Cainan and Ciew for the case of de rite mh wy + 20° 
y tT 
twinning aione or that of twinning with a mais + + 
amount On the ther hand, for the case ol Der TT VW 
winning with a large amount of sip, the prea son 
call for an ideal orientation with approximate ly 
(170) in the rolling plane and (110) perpendicular 
to the rolling directior Component I, which in- ROTATION 
creas n intensit with i easing roiling tempera- 
She Ri ture and which. therefore. might be thought of as 
connected with a relatively ger amount of sli; 
. doe howeve eve py imately correspond the rolling texture is retained « 
‘ ne Prarie It ¢ n Various rotatior about the (0 
to (140) tne Sway may be used to describe the rel: 
j avres ent ¥ th the tr cai prea ‘ my ment of the recrystallizi 
i iifial ang A ie ind ng texture wT Fis 
} known deformation mechanisn Also, the theory 4 bes 
any. 
7 loes not account for the important orientation 
Tt 
I Table IV, the ‘ t ition texture com- 
i with those reported by Mitchell and Row ee 
: t (IT) textu bt ed rolling at low 
i 
_— eported that the high tempera Surain S. Sidhu for their mr 
el i eet, which showed a duplex texture ment. This work was perfor i! 
! and Il) afte leveloped essentially a tional Laboratory under the PC 
ent i} ySta Zatior Discussion of thi pape! 
, to tl ng direction. Al- Branch Trans 
‘ t exact equiv ient to 
i, 43, N 6, p. 113 
URNAL OF Merats (September 
A rres| d C. M. Mitchell and J. F. Rowland: Acta Meta 
nt va apparently 1954) 2 59 
ice ¢ detects } Mit nd Rowland in ar rf J. Adam ar Journal Inst. of 
; the pecimer Phat lid t report orienta- 1953-1954) 82,5 
n VII ‘ t nee tl entation W. P. Chernock, M. H. Mueller, H. W. Fish, magi P 
‘ er epresents a! portant ead in the re- A. Beck: Review of Scientific Instruments (1953) 24, 
y vet at texture t does not correspond » 
4 P M. H. Mueller and H. W. Knott: Review of Scien- 
lefined n iny pols gure on 
. tific Instrument 54) 25, p. 1115 
— mn? tirne tr ter ret 
W. P. Chernock and P. A. Beck: 
the mechar t nich the re tallization tex- Physu 1952) 23, N 3, pp. 341-345 
4 ture forn f n tl texture As mentioned, E. A. Calnan and C. J. B. Clew Pils RI 
High temperature rolled to ¢ to 600°C rolling to ap 
pet red. ictior x. 60 pet reductior 
t met reduetics 
t to 650°C tha at 
to 
e t ed High t ture ea (ore tensity in materia 
tuct ed 60 pet eductior 
t to 400°C the at 
te perat t 2 preate tensity ter 
t to 400°C than 50 
w te perature r 
VI High tempersturc ed 
ecrvsta rei 


859°C. The maximum solubility of chromium in 
eutectic temperature, and in 4 uranium the solubility is estimated to be 1 atomic pet. 


-3 and 8-a transformations were found to occur at 737° and 612°C, respectively. 


1934 and 1945, the U-Cr constitution 
diagram was studied in this laboratory as a part 


of a research program on uranium metallurgy in the 
Manhattan Project, and the work was described in a 
Manhattan Project report issued in December 1945 


This paper is based on that report, which has been 
declassified. Prior to thi tudy, it had been shown 
by other Manhattan Project workers that the low 
Cr-U alloys could b« quenched to retain the 8 form 
of uranium 

Experimental 


The uranium used in this work was massive metal 
I repared in thi laboratory and contained le than 
0.1 pet of other element The chromium was 200 


! from the A. D. McKay Co 
and was found on analysis to be 99.5 pct Cr with 


0.3 pet Fe the major impurity 


Alloys, weighing 400 to 600 g, were prepared by 
nduction heating the components to 1700°C in slip- 
cast ZrO, crucibles in a vacuum of 3x10° mm Hg. To 
prevent t nt agitatior f the melt | the in 
luction wit! ibsequent crucible breakage and 
ample ) the ZrO. crucible was placed in a graph- 
te crucible, which wa urrounded by a laver of 
powdered carbon insulation 2 to 3 cm thick. Polished 
vertical sect tr i vere examined micro- 
copicall to confirm their homogeneity 

Heating and cooling curve were taken on the 
alloys by reheating them in ZrO, crucibles to 1200°C 
and inserting a mullite-protected chromel-alume! 
thermocouple into the melt by means of a slip seal 
in the vacuum head of the furnace. A recording 


potentiometer traced the curves which had a slope 


f from 3° to 6° per mir 
Sample if the alloys were prepared for metallo- 

graphic examination by conventional mechanical 

pol h ng technique followed by an electrolytic pol- 
r an ethvlene glycol-pho phoric ac j-ethy! alco- 

hol bath. The structure of the alloys was brought 
it clearly by this procedure so that no further etch- 

Va requ ea 


Samples for chemical analysis were taken from 


irillings from the top, center, and bottom sections of 
the al The uranium was determined by titra- 


tion with Ce(SO,),. while the chromium was titrated 
with FeSO,;: the uranium and chromium totaled at 


least 99.6 pct in all of the alloy prepared 


A. H. DAANE is Associate Chemist, Ames Loborotory of the 
AEC, Ames, lowa, and A S. WILSON is presently associated with 
Engineering Dept, Hanford Works, Richland, Wash 

Discussion of this paper, TP 4065E, may be sent, 2 copies, to 
AIME by Jon. 1, 1956. Manuscript, Feb. 18, 1955 
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Fig. 


Uranium-Chromium System 


The U-Cr system is of the simple eutectic type with some solid solubility of chro- 
mium in y and @ uranium. The eutectic occurs at 20 atomic pct Cr and melts at 


uranium is 4 atomic pct at the 


. 
. 


Data obtained in the study of the U-Cr system was com 


bined to construct the constitution diagram. The arrests observed 
in cooling curves are indicated by dots 


X 


re 
I u 


ting 


iy samples were prepared by filing bulk peci- 
na helium-filled glove box and annealing the 
powder in a zirconium-gettered helium at- 


mosphere. A 114.6 mm diam Debye-Scherrer cam- 


if 


and a Weyland nonsymmetrica elf-focusing 


ra were used with filtered copper radiation to 


obtain the powder X-ray diffraction data 


TI 


Results 
data obtained in th tudy have been com- 
onstitution diagram of the 


bined to construct the « 
U-C1 ter how! n Fig 1 where the arrests ob- 
erved in cooling curves are indicated by dot The 
liquidus arrest was quite distinct in thermal data 
taker allo n the range 0 to 20 atomic pct Cr 
The eutectic arrest was not observed in studies on 
the 2.5 and 4.5 pct Cr samples but appeared in the 
7.5 pet sampk whicl iggested some solubility of 
chromium i uranium. On quenching from 859°C 
the 2.5 pct sample showed but one phase while the 
45 pct sample contained a small amount of the 
eutectic along the grain boundarie ee Figs. 2 and 
3. From this the maximum solubility of chromium 
n iranium has been set at 4 pet. X-ray studies on 
these a ple snowed that the » phase was not re- 
tained at room temperature by quenching, but in 
each case a pattern wa bserved which has been 
dentified with the phase of uranium. Thermal 
lata show the 8 transformation of uranium low- 
ered to 737°C as a consequence of this solubility. On 
senching from the 8 range (660°C), precipitation 


of chromium in the primary uranium is observed in 


the 


~ 


5 and 4.5 pct Cr samples (see Figs. 4 and 5), 
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Fig. 2 
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Fig. 3 


X250 


mately 


45 atomic pct Cr alloy 
quenched from 859°C 
Area reduced approxi 


35 pct for reproduction 


45 atom 

500°C 
approx: 
reproduction 


quenched from 
reduced 


35 pct for 


Area 


pet Cr alloy 


Fig. 4—2.5 atomic pct Cr alloy 
wos quenched from 660°C 
X250. Area reduced approxi 


mately 35 pct for reproduction 


Fig. 8—19.9 atomic pct Cr alloy 
was furnoce-cooled X250. Area 
35 pet 


reduced approx:motely 


fer reproduction 


1955 


Fig. 5—4.5 atomic pct Cr alloy 
was quenched from 660°C 
X250. Area reduced approxi 
mately 35 pct for reproduction 


‘on 


Fig. 9—22.2 atomic pct Cr alloy 
wos furnace-cooled. X250. Area 
reduced approximately 35 pct for 
reproduction 


Fig. 11—80 atomic pct Cr alloy 
wos furnace-cooled. X250. Area 
reduced approximately 35 pct for 
reproduction 


t Va i AKC! i 
ire ct heated to 1750°C. X-ra 
if Ice 1199 1 60 
i A wi cr t 
A h the lat i¢ 
r within the mit the 
i il gest j 
i e the t 
that r tit at r te 
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Transformation Kinetics in Uranium-Chromium Alloys 


The kinetics of isothermal transformation of 4-to-« uranium have been studied 
over a broad temperature range in alloys containing from 0.3 to 4.0 atomic pct Cr. 
Two modes of transformation are indicated by the existence of two C-curves in the 
TTT diagram. The upper temperature mode is regarded as a nucleation and growth 
mechanism, whose rate is controlled by diffusion of chromium in the 8 phase matrix. 
The lower temperature mode is martensitic in noture. The M. temperature increases 
with decreasing chromium content, suggesting that the two transformation processes 


become synonymous in unalloyed uranium. 


metal undergoes two allotropic trans- 
formations 


in the solid state The a phase 
orthorhombic in crystal structure,’ is stable from 
room temperature up to about 665°C. The 8 phase, 
characterized by a complex tetragonal structure 


revails from 665° to about:770°C. The y phase is 


body-centered-cubic’ and is the stable modification 
from 770°C up to the melting point (about 1130°) 


In uranium of reasonable purity, neither of the two 


high temperature ph can be retained by quench- 


ing. However, the ition of certain alloying ele- 
ments to uraniun it possible to retain either 
the y-uranium phase or the 8-uranium phase at room 
temperature. Chromium alloyed in small amounts 
VWiltnh uraniu A t t retention of the 8-uranium 
phase in a metastable state at room temperature 
ipon quenching f a 8-phase temperature 


From available information’ on the equilibrium 


phase diagram for the U-Cr alloy system (Fig. 1) 
t is to be expected that, however sluggish in it 
rate, the 8 phase in such alloys should decompose 
eutectoidally t « Dhase and elemental chromiun 
It was the aim of this investigation to measure the 
rate and study the nature of this decomposition a 
a function of temperature and of chromium content 
The investigation was reported in classified litera- 
ture about five veal! ago and has recently been de- 
classified for publication. In the meantime, there 
have appeared the pape! of Holden Mott and 
Hains and Butcher and Rowe’ dealing with the 
meta aph and the stail ygraphy of the B-toO-a 
transformation in U-Cr alloy The se investigator! 
have confirmed several of the phenomenological 
bse at that w be described in the present 
paper and have examined in considerable detail 
certain aspects « f the transformation and its mech- 
anisn Although all of these investigations have 
concerned themselves experimentally with U-Cr 
alloys for the most part, an important consequence 
I been a clear inderstanding of the nature of 
the 8-to-a transformation in uranium metal itself 
Experimental Procedure 

Tr nvestigation dealt with a series of uranium 
alloys varying in chromium content from 0.3 to 4.0 
atomic pct (0.066 to 0.90 weight pct). On five of 
the alloys, rates of isothermal transformation from 


the 8 to the a phase were measured over a wide 


D. W. WHITE, JR. Member AIME, is Supervisor, Moterials & 
Processes, Knolls Atomic Power Laboratory, General Electric Co., 
Schenectady 

Discussion of this poper, TP 4107E, may be sent, 2 copies, to 
AIME by Jon. 1, 1956. Manuscript, Feb. 11, 1955. Chicago Meet 
ing, February 1955 
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Fig. |—Constitutional diagram is presented for the U-Cr system’ 


temperature range, leading to the development of 
'TT (time-temperature-transformation) diagram 
Transformation rates were measured over certain 
narrow temperature ranges on additional alloy 

The alloys were prepared by vacuum melting and 
Ca ing ISINg Zircon ofr magnesia crucible and 
graphite mold Electrolytic chromium wa ised a 
the alloying addition, and the uranium was Mallin 


ckrodt biscuit metal that had been vacuum remelted 


and cropped t emove mal! of the nonmetallu 
impurities that had floated to the top of the ingot 
The ingots ‘% or 1 in. diam, were reduced i ize 
dD Waging Allo containing Ik thar ibout 4 
atomic pct were waged at 250° to 275 with 
initia! and intermediate anneals at 550°C after ever 
75 pet reduction in area. Alloys with higher amount 
of chromium were waged at 550 to 600°C. al- 
though at the malle ze ome of them wer 
reduced by the procedure used on the more dilute 
alloys Sefore ist test pecime! the waged 
rods were annealed at 700° to 720°C for several 
hours, followed by w furnace wling. The pur- 
pose of the anneal was to achieve the maximum 
amount of solution of the available chromium into 
the 8 phase, as well as to remove extensive preferred 
orientation 

The isothermal! transf ation rates were mea 
ured dilatometricall ising a quenching dilatometer: 
and an experimental! technique similar to those em 
ployed by Davenport nd Bain in their original 
work on the transformation kinetx f austenite in 
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tion. Actually, there was one exception to this pro- 


‘ 


o—Type | rate curve is chor 

acterized by a large radius of b—Type 2 rote curve is chor J 
curvoture near the beginning acterized by more or less equal 

of transformation and a smaller radii of curvoture near the be 

rediws the end of trons ginning and end of transforma 


formetion thon 
== 
~ 

Fig. 3—TTT diagram for 0.3 atomic pct Cr-U alloy is shown. 
insuitable for quantitative measurement of the 
ansformation rates in U-Cr alloys for several rea- 
Firstly, it was found that mechanical polish- 
tself causes the surface of a specimen to trans- 
. Therefore, the investigator would have to 


ype 3 rate urve shows the norma! portion (type 2) followed 
t to the rather inconvenient procedure of pre- 


th near portion, after which it flattens out when there is no 
further contraction paring the polish urface prior to heat treatment 
i specimen and then electrolytically polishing to 
Fig. 2—Three types of isothermal rate curves were found for U-Cr clean up the surface after heat treatment. Secondly, 
y the a-uranium phase is not very easily distinguish- 
able from polycrystalline S-uranium phase except 
nae ‘ lensit when present in small amounts. Thirdly, the rate 
t t f transformation in alloys having very low chro- 
. im content may be so rapid at room temperature 
t that there not enough time to prepare and examin¢ 
venient t he specimen before further transformation occurs 
transformatiot 
the snecime: Results 
ith mair Isothermal transformation rate curves were ob- 
to 725° tained by plotting the series of dilatometer readings 
‘ n each test against logarithm of time. By assuming 
the dilat te that the ratio between the contraction at a given 
t ed we tem- time and the total contraction equals the fraction 
' transformed, the rate curves were more significantly 
é int lotted as percentage of 8 phase (percentage un- 
taken at transformed) against logarithm of time 
t ttis [ th Three types of rate curves were found. For con- 
e.] ene t Sn-Pb eutect venience they are referred to as type 1, type 2, and 
the heat th t te erature type and they are illustrated in Figs. 2a, 2b, and 
he bath, while 2c, respectively. The times for beginning and end 
t t f transformation are ignated respectively as t, 
alt ind t In a few cases transformation was not com- 
ver 1. A thi plete when the specimen ceased contracting, as will 
he irface be d issed later: in such cases, t, refers to an 
t ainst tpparent end rather than a true end of transforma- 
7 ie I en a the tion. Attempts were made to determine empirical 
i er a é igain for elationships for the type 1 and type 2 curves; the 
It w bserved that the resulting relationships are presented in a following 
i gth ect n of the per 
f eral } t f one percent with each test TTT diagrams were obtained by plotting tempera- 
Aft vera had be ade, a longitudina ture of isothermal transformation against log t, and 
te lewve he f the against log 
, é tartir t the « which simultaneousls TTT Diagrams: Figs. 3 through 7 give the TTT 
becarm us! rm rt ecimen wv then usu- diagrams for five U-Cr alloys. The crosses on these 
a iced th fres! curves represent beginning of transformation, 
Meta rapt methods were found to be rather while the open circles or squares represent the end 
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Fig. 4—TTT diagram for 0.45 atomic pct Cr-U alloy is shown 


or apparent end of transformation, t,. (The distinc- 
tion between the circles and squares will be de- 
scribed later.) The TTT diagrams for the 1.8 and 
4.0 pct alloys are seen to be single C-shaped curve 
within the range of temperatures studied, while the 
diagrams for the 0.3, 0.45, and 0.6 pct alloys display 
double C’s 

It was mentioned previously that the tra 


tion tests were performed by quenching 


the temperature selected for isothermal trar a- 
«x 7 
6 aTOw % 
sock 
ws 


Fig. S—TTT diagram for 0.6 atomic pct Cr-U alloy is shown 
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tion. Actually, there was one exception to this pro- 
cedure: The transformation of the 0.3 pct alloy at 
100°C had to be performed by quenching in cold 
water and then reheating in boiling water. Ap- 
parently a quench directly into boiling water is not 
sufficiently drastic to prevent some transformation 
at the lower nose of the TTT curve. Similarly, this 
eated to temperatures above 


alloy could not be 
the lower nose without transforming at the nose; 
and, therefore, direct quenching was the only pro- 
cedure that could be used at such temperatures 
However, both procedures, ie. direct quenching 
and cold water quenching and reheating, were tried 
on the 0.6 pct alloy at 100° and at 200°C and found 
to give equivale nt results 

Rate Curve Types and Their Relation to the TTT 
Different portions of the TTT diagram: 
ire represented by each of the three types of rate 


curves. The primary purpose in fitting the type | 


Diagrams 


and type 2 curves to mathematical equations o1 
graphs was to facilitate identifying them, since the 
difference between these two curves as plotted in 
Fig 2a and 2b is not immediately apparent Know- 
ing the distinction between them was helpful in 
deciding how to draw the TTT curves, especially in 
the region of transition between the two C 


Type 1—Rate curves of type 1 were found for the 


transformations occurring in the upper C’s of the 
'TT diagrams for the 0.3, 0.45, and 0.6 pct alloy 

and in the entire single-C TTT diagram for each of 
the 1.8 and 4.0 pct alloy Type 1 curves were also 
observed for transformations at temperatures well 


below the nose of the lower C. In the temperature 
range in which the transformation rate was so rapid 
that only the end or apparent end of transformation 


was detectable, it was not possible to tell whether 


ite curve was of type 1 or of type 2 

A type 1 rate curve as plotted in Fig. 2a is char 
acterized by a large radius of curvature near the 
beginning of transformation and a smaller radiu 


Fig. 6—TTT diagram for 1.8 atomic pct Cr-U alloy is shown 


Fig. 7—TTT diagram for 4.0 atomic pct Cr-U alloy is shown 
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near portion may bevome flatter or steeper, respec- 


/ tivel) Such variations depend upon composition 
p +95 and upon the temperature of isothermal transforma- 

/ tion. There is no doubt that the linear portion is 
4 ie truly a part of the transformation rate curve be- 
/ a cause X-ray diffraction examination has shown that 


transformation is incomplete at the end of the 
r i normal portion and continues to proceed in the 


j linear regior 
j 
Fig. 8—Type : ee ype 3 rate curves were most apparent in the 
r tt 7 
; , (curve was replotte 0.6 pet alloy, somewhat less apparent in the 0.45 pet 
to give a straight ‘ 
j alloy, and noticeable only to a slight extent in the 


lime m eccordance on 
; > with Eq. 2 0.3 pet alloy. The highest temperature at which this 


type of curve was observed was 384°C. With de- 


re ng temperature, the normal portion became 
j easingly more prominent and the linear portion 
correspondingly flatter and less prominent. For 
/ example, in the 0.6 pct alloy the linear portion of 
the rate curve accounted for 50 pct of the total con- 
tion of the specimen during transformation at 
73°C but only 20 pct of the total contraction dur- 
g Time ng transformation at 358°C. Type 3 rate curves 
vere still somewhat distinguishable down to about 
It é i 25°C, but below this temperature the linear por- 
lia had such a small slope, if any, that it was de- 
batable whether to regard the curve as type 3 
In the te mperature range where type 3 rate cu! 
nase (ira their semblance prevailed, the ends of the nor 
are portions of the curves are denoted by open circles 
the ends of the linear portions by open squares 
‘ : the TTT diagran In several instances the test 
va topped before the specimen had ceased con- 
racting; in such cases, the last reading was plotted 
: vith an open square and an arrow pointing to the 
nt I the type 3 temperature range, the curves 
ipparent end of transformation are shown on 
now t Eq I the TTT diagrams as broken lines and correspond 
“ ; Johr ' to at least 85 pct completion of total contraction 
Observations and Discussion 
rhe existence of two C’s in the TTT diagrams fo: 
‘ } wer chromiu! illo and the difference in 
e of rate curves associated with each C indicate 
t . t there are two transformation modes, one at 
te eratures and anothe at iower tempera- 
é It iggested that the upper temperaturs 
echanism for the decomposition of the 8 phase ir 
, ic? piot U-Cr alloy one that is controlled by the rate of 
Iype 2 ‘ ‘ er ed at liffu f chromium in £s-uraniun while the 
' ve temperature mechanism 1 beheved to be 
th . 1 0.6 pet iiffusionless. Competition between driving force and 
‘ 
Type 3 \ 
ste annes e 2 
atte erta 
flatter it whe thy fort? 
Dd ate : Fig. 9—Type | rote curve is shown after the percentage of 
tt e type or normal transformation was replotted on a probability scale against 
reate esser portion of the fu ina the tome 
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atomic mobility determines the rate of transforma- 
ion in the upper C. As the temperature is lowered, 
a point is reached where the driving force, w hich 


is a function of the amount of undercooling, is suf- 
ficiently great to overcome the decreasing mobility 
of chromium atoms in the uranium lattice. The trans- 


formation can then proceed at the rapid rates char- 
r C, except at very low tem- 


mobility of atoms even ove! 


may become sufficiently slug- 
rate of transformation. The 
bservations supporting the belief that the lowe: S 
proce liffusionless will be pointed out later 
The transf ation product t eithe mechanism 
was shown by cursory X-ray diffraction examina- 
tion to be a uraniun 
ment 4, ild have to 
are differences in orientation relationships or minor 
structural differences 
[ pper C as a Diffusion-Controlled Transforma- 
tion: By plotting the natural logarithm of the time 
pct transformatik (t..) against the reciprocal 
f the ture within the upper C ft 
eac! f the five allo a straight line 1 btained 
n the temperature ange be low abou r3U 4 Thus 
in this range the following relation hk lds 
Int [3] 

l/t Ke [4] 
where K’, and K are constants and 7 tempera 
t n “K. It may be speculated that above 9050 ¢ 
the driving force changing rapia with tempera 
‘ tr it ur nar | ‘ I fl let thre rate 
f trans! I ti Howeve below 530 C the driv- 
I I cnar at vel tr ter ra- 
ture » that the changt I te can be asso ated 
tr | chal I it 4 i t Tt i 

the te erature ange be ‘ 30 °C t can be 
i imed that the constant n Eq ap} itt 
equal t Q/R vnere an activation ene ind 
R tne constant the ope the t 
be w 530 ( the value for @ computed to be 
about 4.000 cal pe gram-aton 
Refe to Eq. 1, the exponent m has a relative 
nstant if about |! i 4 mM} I 
lohr imptis that nucl ‘ ty 
entia naependent time ur te! erature 
ange Above ? ncreas¢ with t ature 
and at 580 eachea apt ximate nve 
Vaiue The e constal ¢ 
ean that Eq anda 4! 1 for t at al ver 
amount trans! mat na a tha tne te 
irve aii tempe ature n thi inge car 
ipe nf ea na cor I curve DY 
Value nh ar ne irve DY a cert j 
in The mu tipi ng tactol related to tempera- 
ture as I A 
n = Q/R (1/7 (5] 
where t, and t, are the heatu time at at Atk 
‘ perature T, and T, fe a certain percent e ot! 
transf it I Thu the ef of 4000 
pe gram-ator constant ! all percentage yf 
transiormat nas we i for all composit De- 
ween 0.3 and 4.0 atomic pct Cr in the temperature 
ange DelOW 530°C uw the uppe ( Ti test the . p 
the that transformation in the upper ‘ ndeed 
gov nea ¢t trie ate diffusion cnronm i! 
Iraniur t would be of interest to make wctual 
neasure ent f ict liffu r ites at Va j 
temperatures and to compare the activation energy 
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BOr- 


Fig. 10—Type 2 rate “© 
curve is linear when 
the percentage of 
phase is plotted on 
a probability scale 
against log t, accord 35 }— 
ing to the Austin 
Rickett manner 


\ 


L 9g Ture 

obtained therefrom with the foregoing value for @ 
Lower C as a Martensitic Transformation: Several 
observation iggest lower temperature 
mode of §-to-a transformation in U-Cr alloys ts 
martensitic Although the transformation rate } 
much slower than that of most martensitic trans- 
formation t is far too rapid to be controlled by 
the diffusion of the chromium at the prevailing 
temperature and therefore composition chang 
oe not appear to be involved. Another observa- 
tion often characteristic of martensitik behavior | 


that the transformation can be nucleated by applied 


tress¢ as evidenced by the immediate reversion 
fa urface layer of retained pha e to a upon 
mect al polishing A third feature of the tran 
formation 1 that it take place athermally to a 
limited extent. Samy les of the 0.3 and 0.6 pct alloy 
were quenched from about 715° to 300°C and held 
at the latter temperature until contraction had essen- 
tia ceased. The were then quen¢ hed into boiling 
wate where t ed that further con- 
traction took place ly. The amount of thi 
traction in that which normal! 
CCU r transformation entirely at 100°C wa 6 
pet for the 0 pet all and 12 pct for the 0.6 pet 
alle The times ft beginning and end of specimen 
ntractior n the t ng wat ce esponded ver 
closely with those that are erved when speci 
mer are trans! med entire 1t 100°C. The evi 
lence that transformatio! n the lower C i not 
ictua com] lete when contraction ceas (at least 
at 300°C) led to the term apparent end of trans- 
formation, referred to earlier in the pape! 

Further evidence that the lower C represents a 
martensit reaction derived from the work of 
Holden’ and of Mott and Haine who studied 

eta grapt i the progre of B-to-a tran 
! mat ! in U-Cr allo at temperature corre 
ponding to the wer C. The observed that the a 
phase formed and grev plate creating surface 

Val and that these piate eemed to prefer 

ertain habit plane the parent #-phas« 
crystal Scratche nm the urface of a specimen 
he the t f atior indicating that 
the a plat were formes t the cooperative move 
ment of aton These investigators aiso found some 
evidence for burstlike ¢ th of plate The 


burst phenomenon may account for the steps in the 
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: tion of the transformation rate curve illustrated tion Temperature for Uranium: Chromium lowers 
u irve presents the transformatior the 8-to-a equilibrium transformation temperature 
¢ he aut} 0.45 vet ( U all 1¢ 361°C and »w n uranium. From inspection of the TTT diagrams, 
btained by W. E. Se ir and J. F. Duffs wt this temperature appears to be about 630°C for all 
elect sl} re tance as the means for me ir- In measuring the rates of isothermal transforma- 
ive eaction kinetic tion it was observed that, at temperatures around 
Me ee Holden a tudied the tallograpt f the 90°C and higher, the total contraction of the dilato- 
; t f nation and ha lentified the habit ine¢ meter specimen seemed increasingly too small to 
ition with the 21} type account for transformation from all £8 to all a 
oh: ort ‘ the tetra Therefore, it was wondered whether the eutectoid 
As Holden pointed it tallo- temperature might not be in the neighborhood of 
: tant habit es are cl ter- 90°C. However, the fact that the temperature 
tensit Butche i | have issymptote of the upper C appears relatively con- 
+4 : , 21 tant for all compositions leads to the tentative con- 
ther habit une for the transf t ision that 630°C is the eutectoid temperature 
4 ft te irve with trar ither than a temperature above which an alloy is 
the wer C and pris t ter entirely in the 8 phase. The peculiarity in specimen 
’ - iggests the multaneou contraction above 590°C is unexplained; it may be 
f ation and of anne f ciated with grain coarsening, which becomes 
per te ve pronounced in this temperature range 
t mn (Le Influence of Chromium Content on M, Tempera- 
e 3 ‘ nd é th cert ture: It is apperent from inspection of the TTT dia- 
site ttern. H eve t tion st es build grams that the M, temperature, or temperature of 
tion between the upper and lower C’s, is de- 
t f é ed. TI t f pressed with increasing chromium content. Since it 
+} ' the ‘ ' f the was not possible to obtain a very good quantitative 
e that elationship solely from the data from the few TTT 
‘ ef t t t tate be liagran pecial thermal analysis experiments were 
for a variety of alloy compositions. The 
pecimen and attached thermocouple were quenched 
m 720° to 500°C, which is above the M, tempera- 
ill compositions, and then cooled at a some- 
> the ‘ hat slower rate, during which time the tempera- 
thout ture va yntinuously recorded Two different 
Phe " t the type nge f oling rates were employed: 56° to 120 
209 292°C per mir 
: th The thermal arrests, which were not particularly 
ana? aa te f inced e plotted in Fig. 12, and it is seen that 
3 
\ 
ATOMIC % CHROMIUM xS-2407 
(a Fig. 12—Solid curve shows the effect of chromium content on 
Fig. 11—Portion of o rate curve for isothermal tronsformation thermo! orrests in cooling retoined 3 phase from 500°C. Open 
of 0.45 pet alloy at 361°C is shown The curve plots the re squares represent cooling rate of 56° to 120°C per min and open 
sistance of ao 30 mil wire, 2 in. im length, os o function of time circles represent 209° to 292°C per min. Probable variation of M, 
; The discontinuities moy represent martensitic “bursts temperoture with chromium content is shown with the dashed line 
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for alloys containing less than about 1.5 atomic pct r 
Cr, the temperature of thermal arrest decreases with 
increasing chromium content. It will be noted, how- 
ever, that the thermal arrest temperature is not the 
M, temperature but rather some lower temperature 
at which transformation occurs at a relatively rapid ‘ 
rate. The variation of M, temperature itself with 
composition is shown in Fig. 12 by the dashed line 9} 
drawn through M, temperature points obtained from 
the TTT diagrams and displaced from the curve for 
thermal arrest temperature by a constant tempera- 7 " 
ture difference. This curve for M, temperature vs 2 
chromium content cannot be regarded as quantita- =, 
tively accurate because it is not necessary that the ‘ 
i ‘nt from the curve for thermal arrest tem- " 
perature be constant. However, it is probably nearly a 
constant, since the thermal arrest temperatures were - 

imilar for the different cooling rates +. 

An important consequence of the effect of compo- > 
sition on M, temperature is that qualitative extrapo- C . 
lation to 0 or nearly 0 pct Cr suggests that the uppe: < 
C vanishes and that the two modes of transformation j= 
become synonymous in unalloyed uranium. Since g 3 
chromium is absent, diffusion of chromium is, of “ 
course, no longer a rate-controlling factor as it is in CE 
the transformation of the alloys by the upper C 
process. Microstructural similarities would lead to a 1 
the association of the §-to-a phase transformation 
process in uranium metal with that of the lower C Ps 
in U-Cr alloys Uranium that has been water 
quenched from a §-phase temperature and U-C: ATOMIC % CHROMIUM 7 
alloys that have been transformed in the lower C Fig. 13—Curves show the effect of chromium content on the 7 
both exhibit similar transformed a microstructure rate of isothermal transformation ot 550°C e 
under polarized light. These structures have a ser- ty 
rated appearance, characterized by extremely irreg- atomic pct, which is in general agreement with the : 
ular grain boundaries and grain sizes, fragmentation, value obtained in Fig. 12 for maximum solubility a 
twinning. and subgraining. Alloys transformed by of chromium in 8 uranium. With alloys of higher . 
the upper C process, on the other hand. are rela- chromium content, however, transformation time a 
tively devoid of these features and, rather, are actually become shorter. Presumably the second 
feathe ry in appearance phase particles of undissolved chromium provide 

If a TTT diagram for pure uranium consisting additional nucleation sites, thereby hastening the 
entirely of a single C (lower C type) is imagined, nucleation of a phase 
the rates of isoth ransformation shoul of It is not known what effect excess chromium ha 
measurable magn very low temperatures and pon the transformation rates in the lower C be 
also at high temperatures approaching the equilib- cause rate mea irements were not made in that 
rium transformation temperature. The author at- region of the TTT diagram for the higher chromium 
tempts to verify this prediction have beer insuc- alloy 
cessful at low temperatures, probably because it is Temperatures for Maximum Transformation Rate: 
lifficult to quench a specimen sufficiently rapidly to The nose, or temperat mes i maximum transforms : 
prevent transformation at the nose of the C-curve tion rate, of the upper ¢ at about 9/0 C, irrespec- 
However, retarded transformation was observed in tive of composition. The nose of the ver © appes 
commercial uranium metal at high temperature to be in the enera cinity of 0" The max 
the uranium specimen was found to transform en- mum rate of trans! ation by the ver C mode 
tirely to the a phase in 1 min at 650°C, in 24% min at considerably greater than that by the upper C mode 7 
653°C, and in 4 min at 654°C Conclusions 

A further observation from Fig. 12 is that the I—U-Cr alloy in be transformed isothermally : 
olubility limit of chromium in 8 uranium at around from the S-uranium phase to the a-uranium phase 
720°C appears to be about 1.5 atomic pct, agreeing by either of tw mode The higher temperature 
with the value cited by Mott and Haines.” By extrap- mode appears to be diffusion-controlled, while the 
olation of the dashed line, the M, temperature at thi lower temperature mode martensitic and is the 
composition would appear to be about 250°C more rapid proce 

Effect of Alloy Composition on Transformation 2 Although the martensitic transformation oc- 
Rate: The rates of transformation to a uranium are curs isothermally for the most part, there is evi- p 
lowered, both in the upper and lower C’s, with in- lence that it takes place athermally to a certain 
creasing amounts of chromium dissolved in the £ extent 7 
phase. In Fig. 13 are plotted the times for beginning 3—At temperatures above 325° to 350°C, tran 
and end of isothermal transformation at 550°C (in formation by the martensit proce appears to be 
ipper C) vs composition for a number of alloys in aided by relief of transf bene 
addition to those for which full TTT diagrams were 4—-The M, temperature decreases with increasing 
obtained. The time required for transformati in- amounts of chromium tion in the 8 phas« F 
creases with chromium content up to about 1.7 5—The two modes of transformation in U-Cr al- 
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‘ S. Barks L. S. DeLu ind J. AIME 139 135 I 396; MeTAI TECHNOLOGY 
4) ‘ +} B Septe ‘ 193 
} oN Hold he AFt W. Tucker, J Unpublished work at Knoll 
ach. ‘ At Power Laboratory, General Electric Co. X-ray 
ff tior cold-worked uranium were found t& 
harpen with annealing temperatures of 350° to 400°C 
R. W. Plast Deformatior f Alpha- 
niu Twinning and Acta Metallurgica 
vit \ nd in AIMF Met 
M. B i Unpublished work at Knoll 
; Vol. 206, 195¢ At P I story. General Elect: Co. Damp- 
¢ ! ‘ irement iggested grain boundary flow in 
i B. B@WVarren: The | tallir 4. N. Hold Growth and Crystallography of De- 
59. 1952) 5, p. 182 
: 
‘ the decomp tior f the hase t wa tate 
f } \ t} \ Smit i Lind with respect to the equilibrium composition of 9.4 
f the mechar oct these w kers I heck hypothe t was nec irv to have 
macte curve ‘ } in 7 iminum con- 
; binary Cu-Al a f increasing amount f alu- 
: } minum we prepared by Ampco Metal Inc. These 
eceived -cast vere given a ) pct reduc- 
ore by hot-working and then annealed at 
for non genizat nana lowly cooled in the 


‘ . . 


WEIGHT PER CENT ALUMINUM 


Fig. 1—oa lattice parameters were plotted against the alum: 
num content to obtain the master curve 


furnace. Specimens cut from these alloys wert used 
for determination of their a lattice parameters 

The lattice parameters were determined on a 
Norelco X-ray diffractometer. The (200) reflectior 
occurring in the range of 49.6° to 50.3° 2¢ was use 
in all a lattice measurements to keep the absory} 
error approximately constant from one alloy to the 
next. The (200) reflection of the a was chosen be- 
cause there are no interfering lines from the « 
phase patterns 


The a’* lattice parameters were determine d by the 


isual method. The data so determined a1 


From Fig. 1 ma} 


be seen that the maximum equilibrium content of 
the a in these furnace-cooled alloys is approximat ly 
8.7 pct Al. This indicates that the solubility of alu- 
minum at lower temperature nay be less than at 
9.4 pct Al as the present equilibrium diagram indi- 
cat Also, specimen 9 (8.49 pct Al) had a small 
amount of the eutectoid present as dete rmined fron 
metallographic examination, thus confirming the 
X-ray evidence from Fig. 1 

The a lattice parameters of the specimens origi- 
nally used by Mack’ were then mea ured. The speci- 
mens were picked at variou isothermal tempera- 


Fig. 1 to give the master curve 


and end of the 


ires and times close to the begin 
precipitation as shown on the TTT diagram, Fig. 2 


The a’ lattice parameters of the transform d speci 


Fig. 3—Changes in 


> aluminum compo- 


a phase precipita 


the temperature drops, the initial and 
aluminum than 
At 400°C they approach the 


he (203) reflection o 
reflection to tl 


ginal alloy wa 


Fig. 2— Time-tem 
4 perature - transforma 
tion data is given for 
a ewutectoid alumi 
num bronze 
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Fig. 4—Change in d-spacing of # resulted when the 
203) d-specing was calculated and plotted against the time 


of ssothermal transformation 
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ame 
cluminum compos: \ 
fe 
These spe tained: 88 pet Cu, 11.89 pet Al, 0.02 pet 
Fe pet M 4 the t ‘ the 
sition of the a phase from the master curve of Fig. | : 
These results are shown graphically in Fig. 3 and 
indicate that, at the higher temperatures and shorte! 
isothermal times, the HNENEBtes poor in 
aluminum and time 
A 
progresses. As 
final composit 
at higher tempe 
same composition 
Since these results were contrary to what was ex- } 
pected and had been previously propo ed," it was 
decided to check the corresponding change in the : 
(203) d-spacing of the # martensitic phase because 
as aluminum diffuses into the a phase increasing it : 
lattice parameter, the phase ittice paramete! 
was used because it 
*o’ is used to designate a value f the a sttice par ete which 
s uncorrected for adsorpt errors and is not the true tlice par (200) a reflection m 
cent one of a higher d-spacing by about 0.012A . 
‘ ‘ Some of the therefore homogen- 
7 ized for 1 hr at 810°C and isothermally tran formed ; 
at 450°C Thest pecimens were yuenched into 
water at 2. 10. 45, and 80 sec. The (203) d-spacing 7 
was calculated and pl tted against the time of iso- 
thermal transformation. These results are shown in : 
Fig 4 It ma be observed that thi a pacing de- : 
creast with increasing time indicating that the alu +s 
minum atoms are diffusing from the or phase 
nto the pha ‘ betore the 5 or p rmed 
nto martensite by the quenct 
mi he q ich : 
The transformed specimen ised in thi tudy - 
were previousiy ised by Mack ua ha been men 2 
tioned. Therefore ince they were eight yea! old 
a pecimen ol! the original alloy wa transformed Ps 
{ duplicating the treatment given pecimen 12-5 P 
which was homogenized at 810°C for 1 hr and 1so- 
thermally transformed for 8 min and wate! E 
quenched By use of the master curve Fig. 1 twa ~ 
> 
ca 
\ 
+ 
‘ a 
eee 
n 
> 
i 
3 
el : 
Tiwt SECONDS 
— | 22° 


be considerably less than 
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Creep of Polycrystalline Tin 


The creep rate of polycrystalline tin was studied as a function of temperature and stress 
in constant stress experiments. The temperature was varied from room temperature to al- 
most the melting point of tin. Activation energies were calculated from tests run at the 
same stress. It was found that on a log creep rate vs inverse temperature plot the experi- 
mental points did not fall on one straight line but on a line which changed its slope in the 
90° to 160°C region. Two activation energies for the creep of tin can be calculated from 
the data: a value around 26,000 cal per mol at high temperatures and a value around 
11,000 cal per mol at low temperatures. It is suggested that the discrepancies between 
the creep activation energies and those of self-diffusion can be accounted for if self-dif- 
fusion takes place predominately by Zener’s ring mechanism rather than through vacancy 


or interstitial movement 


ss activation energies of self- 
liffusion of tin are 10,500 and 5,900 cal per mol 
along the C and A axes respectively There are two 


because of the anisotropic nature of tin 


Rotherham, Smith, and Greenough" have shown that 
ry relaxation activation energy is 


ra ia 
19,000 cal per mol (measurements made from room 
ixat a t! f I The meta temperature to 100°C). Puttick and King’ found 
loes not fit to tl ' ture. Its activa- the same activation energy for grain boundary slip 

T ‘ tals of tin (180° to 225°C region) 

f Unt ecently, there was no high temperature 
} } from a ‘ i ex ent irge strain creep data on tin suitable for activation 
energ calculatior At rather small strains (up to 


0.01), Tyte" had made a series of measurements on 


BREEN ond J WEERTMAN. Junior Member AIME, ore 


associated with Metallurgy Div. Novel Research Loborotory t from which activation energies can be calcu- 
Washington, D.C ated. In Fig. 1 are plotted some of his data on a 

Discussion of this paper, TP 4015E may be sent, 2 copies, to creep rate vs inverse temperature graph. It can 
AIME by Jon. 1, 1956 Monwscript, Sept 8 1954 Philedelphic be seen that Tyte’s work indicates that at a relatively 
Meeting, October 1955 w temperature the activation energy is around 

This paper is bosed on @ portion of o thesis by J E. Breen sub 7,400 cal per mol but at higher temperatures the 
mitted, in pertiol tuifiliment of the requirements for the degree of activation energy increases. Since Tyte measured 
Master of Science, to the University of Morylond the fer amell strains. it is deubtfal if 
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bserved that the freshly prepared specimen had 9.1 n copper to forme my iis 
‘ tA my 1 to 7.9 pet Al for th ght yea heretofore believed 
Ca ) aiff 
al 
\ 
y © iD ve recently 
, , elf ait mn 


correlation between activation energy of self-diffu- 
sion and creep should be observed 

Breen,” from constant stress and constant load 
creep tests for strains up to one, found an activation 
energy of around 11,000 cal per mol in the 20° to 
130°C region. This value agrees with one of the 
activation energies of self-diffusion However, 
Frankel, Sherby, and Dorn,” for strains up to 0.4, 
found an activation energy of 21,000 cal per mol in 
the 100° to 205°C region in constant load creep tests 
The present experiment was undertaken to clarify 
the situation with regard to the activation energy 
‘f tin. The last section of this paper indicates how 
the various observed activation energies can per- 
haps be fitted into a consistent picture 


Experimental Details 

The method that was used for applying a constant 
stress to a specimen was that developed by Andrade 
The experimental set-up is shown in Fig. 2. It con- 
sists of a fixed grip attached to the upper end of 
the specimen and a lower grip connected to a 
hyperbolic weight. As the specimen elongates, the 
hyperbolic weight sinks into a constant level water 
The stress increase, normally caused by the 
specimen cross-sectional area, 1s 


tank 
reduction in the 
eliminated by the reduction in load caused by the 
Strain was measured by a 


buoyancy of the wate! 
index mark 


traveling microscope focused on an 
placed on the lower chain. For the very rapid creep 
tests, a motion picture camera was used. As a check 
on these last tests, it was ascertained that the speed 
of the weight through the water with no specimen 
attached was several orders of magnitude faster 
than the fastest creep rate used 

The specimens used were in the form of wires 
0.234 cm diam and 19 cm in length. They were made 
of 99.9 pet pure Sn containing 0.01 pct Cu 0.01 pet 
Pb, 0.01 pet Bi, and 0.01 wt pet Fe as the prin ipal 
impurities. The specimens in the 
B. and C in this report were annealed at a tempera- 


ture of approximately 205°C for 2 hr which resulted 


in a grain size of approximately 53.0 grains per sq 


\ | 


e 

~ 


ae 


Fig 1—Logarithm of creep rate is shown vs inverse absolute 
temperature for tests rum under various loads. Dota is thot of 


L. C. Tyte” on polycrystalline tin 
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series labeled A, 


Fig. 2—Schematic di- 
agram shows experi 
mental set-up used 
for applying a con- 
stant stress to o 
specimen 


mm. Those in series D’ were annealed at 100°C for 
of approximately 


1 hr and developed a grain siz 


715 grains per sq mm. Metallographic examination 
showed no change in grain siz 

The temperature was measured with a thermo- 
couple attached to the upper grip. The temperature 
was controlled to within +1.5°C 


Results 
Typical creep curves for specimens of series A 
B. and C (Fig. 3) show a transient, then steady state 
followed by third stage creep. Fig. 4 shows curve 
obtained for the smallest grain size under both con- 
stant load and constant stress. Fig shows the 
initial portion of Fig. 4 and indicates that for these 


tests there was very little transient creep. The creep 


testing 


Table |. Steady Stote Creep Rate Under Constant Stress 


reep Rate 
Cm/Cm 
per Min 


Tempera 
Series ture, 


4, 629 pel 


B, 828 psi 


NUNN 
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Fig. 3—Typical creep curves are given 


for specimens in series A, B, and C 
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than that 


riment is the 
ovtained in the 
f the natura 
ite a a tu - 
ire I peci 
é tre The 
the activatior 
| I able I 
i the easured 
rf 
the | ts f 
inde tne are 
‘ ihe p t 
ature reg 
pe 
na a at 
the d ent 
it 
test 
‘ad equa 
tiwat 
° ea va 
‘ it ite 
Fig. 4— Typical creep 


curves are given for 
specimens im series 
True stroin is 
plotted os a function 
of 


Fig. S—Iinitiol por 
hon of creep curves 
of Fig. 4 ore shown 
True strom is plotted 
as o function of time 


355 


Table ti 


Creep Rates 


Activation Energies Calculated from Steady State 


Cal per Mel for Temperature Range 


Specimen 130° te 20° te 
Series 324°C 
A. 629; 
B 12. 50« 
194 10,406 
D. fine gra 11,000 
rature. In Figs. 7 and 8 a plot of this type made 
for the data of series B. In Fig. 7 an average activ: 
tion energy of 17,600 cal per mol is used. The scatt 
the point s reduced by using two activation 
é es of 14,100 and 20,700 cal per mol. However, 
ese Values diffe juite appreciat from those de- 
rmined t tre ead tate creet ates. The rea 
t? liscrepam that calculations of activ:z 
ym energies from plots such as those shown in Figs 
and 8 give weight to the trar ent port I if the 
. 
@ 
. 
. 
. 
. . 
> 
\ 
4 
= 
. 
. 
. 
+ 


Fig. 6—Logorithm of creep rate is plotted vs inverse absolute 
temperoture for all tests in series A, 8, and C and two tests 


in series D 
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| 
| 
[ 
t of interest in this ex 
f ‘ A] t 4 
led the ga tar 
In Fig. 6 are plotted a 
te 
‘ 
i 
(23) 


to constant «*" exp (—Q/RT), where a is the stress 
Table Ii! Time, Mim, to Reach o Fixed Stroin and Q is the activation energy of self-diffusion. In 
this case, Q is equal to 11,000 cal per mol 


Strain 
Series 005 0.10 0.15 020 Discussion 
The experimental work just described has shown 
A, 629 psi 221 0.078 0.46 that the apparent activation energy of creep in the ar 
214 0.72 1.78 2.87 neighborhood of the melting point of tin is around 
198 0.35 oa aan 26,000 cal per mol, while near room temperature it 
+™ is much smaller and seems to be around 11,000 cal 
17 68 12.6 30.6 51.6 per mol. The fact that there are two activation 
is my ae = = energies of creep of tin is not surprising, since it is 
an anisotropic metal. For example, it also has two 
4 76.000 activation energies of self-diffusion.’ What is troubie- 
204 0934 0875 some about tin is that the activation energies of 
725 - vy self-diffusion and creep do not agree. At high tem- 
i re 134 peratures, self-diffusion is fastest in the direction 
6 95 +7 I having the activation energy of 10,500 cal per mol 
ats as contrasted with the observed creep activation 
a 260 1370 2670 1830 energy of 26,000 cal per mol in this temperature 
1394 ps ons —— ons 0.041 0.0706 range At low temperatures, the fast direction of 
self-diffusion has an activation energy of 5,900 cal 
136 : 0.9 2.0 per mol as contrasted to the higher activation energy 
"BO <6 146 52.3 of 11,000 cal per mol for creep. As mentioned pre 
viously, the activation energies of creep in other 
22 2120 metals that have been investigated do seem to agree 7 
with those of self-diffusion. This uggests that in Ve 
creep curve The transient portion may or may not tin the mechanism of self-diffusion is « rent from : 
have the ame apparent activation energy as the the rate controlling process in creep, while in othe = 
teady state part The fact that the activation enei zy metals the same mechanism is operative in both : 
of tin, determined by Frenkel, Sherby, and Dorn, ; 
ust about equal to the high temperature portion 
of Fig. 8 shows that there is probably no inconsist- 5 
ency between the present work and theirs, since ; 
they plotte d their data in the manner given in Figs : 7 
7 and 8 Another way to calculate the activation ca - > 
energy of creep which is equivalent to that given in ° pe de 
Figs. 7 and 8 is to plot the logarithm of the time to - iw _-* 
reach a fixed strain as a function of the inverse . ‘ 
temperature. In Table III are given the times to loa ‘ ; 
reach various strains. In Table IV are given activa- ° 
tlon energies calculated from pilots of these times 
From this table, it can be seen that at higher strains : 
the activation energies approach those calculated 
from the steady state creep rate 
In Fig. 9 the logarithm of the creep rate is plotted 
as a function of stress for the fine grain tin. A log- 
of rat function of re ‘oul 
Fig. 8—Logorithm of true strain is plotted vs the logarithm of the 
the logarithm of the cree p rate times exp (Q/RT) 
plotted as a function of the logarithm of the stress -——_———_— a 
This plot indicates that the creep rate can be equated 
: 
| 


Fig. 9—Logarithm of = 
creep rote is plotted / 
ae vs stress for tests in ~ / ey 


series D 


Fig. 7—Logarithm of true strain is plotted vs the logorithm of the 
temperature-compensated time for tests of series B 
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Table 'V. Activation Energies Calculated from Data in Table Il! 
strain 629 Psi B, Psi 1304 Psi 
Cal per Mel fer Temperatere Range 130° te T24°C 

26.70 
2 20,70 17 206 
2 20 18,406 
22 20.400 
Cal per Mel for Temperature Range 20° te 100°C 
14.80 
14.20 
2 15.000 
Can arn rite titial) 1 ement one 
int f ee example, creep theorl 
jaba und H ng” use a mass transport 
‘ ‘ t " ) to account for creep 
‘ ‘ i high temperatures If 
en nt ‘ the d cation climb mech- 
vacancie le titiais) are portant 
© the é eated o lest ed during cli t 
\ the ect elf-diffusior Zener 
echa } echa noweve cannot pos- 
t et crysta emain 
perfect na ed aft nota g. In face- 
antaradt " etal the echanism aj 
t e the t int one fo elf-diffu 
t doe t ece at tol w that tin, wit! 
‘ j e,. the tuation will re- 
rt betweer the 
f ‘ i self-diffusion thu 
titute ence that Zener’s rin 
echal +? lev ate echanisn yf elf- 
liffu ha 1 we hought out Kirk- 
is ‘ ‘ lirect pro f of 
at ex inat of the dis- 
‘ t tion energie creey 
the act it Zene! 
ite ist and the 
rhe the there st emalr 
the boundary e- 
h ti ‘ f eep and 
i and Greer gh* 
elf-diffu activation 
100 ‘ ind that of 
} pr If alr 
eda wU igh the va- 
Fig 10—Logerithm 
of K exp (Q/kT) is 
plotted vs logorithm 
’ of the stress for tests 
in series D. Q 
11,000 col per mol 
— 
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expected that the 


cancy mechanism, it is to be 
boundary 


However, the 


relaxation 


activatlior energy 
would be that of steady state creep 
most successful model” to explain grain boundary 


of grain 


relaxation does not depend on vacancy movement 
but on a localized melting of regions in the grain 
boundary. The activation energy of grain boundary 
relaxation on this model is not that of self-diffusion 
but is proportional to the heat of fusion. The ap- 
parent agreement between the activation energy of 
elf-diffusion and grain boundary relaxation in other 
metals is strictly fortuitous on this model. There- 
fore, there is no reason to expect that in tin the 
activation energy of grain boundary relaxation 
hould be equal to that of steady state creep or of 
elf-diffusion 
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Aging Effects in Commercially Pure Beryllium 
by D. R. Mash 


A strong yield point with attendant enhanced mechanical properties was found 
in commercially pure beryllium under certain conditions of heat treatment. Beryllium 
specimens also responded to both quench and strain aging treatments. Based on 
these results, a possible means of obtaining increased normal temperature mechan- 


ical properties is suggested. 


sy YMMERCIALLY pure beryllium has been found 
to exhibit the yield point phenomenon and sev- 
eral other aging manifestations under certain con- 
ditions of heat treatment. This behavior is not sur- 
view of the present accumulation of 
regarding such effects in numerous 
but in addition to extending this experience 
yllium, the present study is of interest 
because aging effects are generally associated with 


prising in 
experience 
metals 


to include be 


the presence of small amounts of solute elements 
rhe well known lack of tensile ductility in beryl- 
lium at normal temperatures is also considered to be 
due to impurities in some way 

In the present investigation, the view was taken 
rcial purity (greater than 
ered as a dilute alloy and 


that beryllium of comme 


98 pct) should be consi 
that precipitation phenomena may well exist which 
could lead to enhanced mechanical properties. In 
connection with this possibility, published data on 
the variation of mechanical properties with tem- 

example, Fig. 1 illus- 
of ductility (percentage of elon- 
and ultimate strength as a function of tem- 
ryllium of various histories.’ Although 


somewhat schematic in nature, they 


perature are of interest. For 


trates the variation 


indicate the possibility that precipitation of 
an unstable phase and/or aging effects occur during 
tests in the region 400° to 700°C. The existence of 
such behavior should be recognized as affecting the 
rties of the commercial material and perhaps 


can be employed advantageously 


Experimental Method 
All testing was done at room temperature using 
a Baldwin universal testing machine. A microformer 


extensometer was used in conjunction with a micro- 


former-type stress-strain recorder. All tests were 
conducted at constant loading rate, the slowest rates 
being used. This corresponded to 120 lb per min 


in the 1200 lb full scale range and 300 lb per min 
n the 6000 lb full scale range 
After the rate of loading was set in the elastic 


of the material during the early part of the 


test. no further adjustments were made, allowing 
the test to proceed at that setting. In the plastic 


DR. MASH, Junior Member AIME, formerly associated with 
California Research and Development Co., Livermore, Colif., is as- 
sociated with Stondord Oil Co. of California, Son Francisco 

Discussion of this paper, TP 4069E, may be sent, 2 copies, to 
AIME by Jon. 1, 1956. Manuscript, June 28, 1954 
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Fig. |—Veriation of beryllium ductility (lower curves) and ultimate 
strength (upper curves) is given as a function of temperature. Dato 
is taken from ref. | 


region of the curve above the yield region, strain 
rates of from 0.002 to 0.006 in. per min were regu 
larly obtained 

All experimentation was carried out on 
machined from the same lot of beryllium, lot No 


pecimen 


Y5036BP. Table I shows the chemical analysis a 
furnished by the supplier, Brush Beryllium Co., a 
well as the tandard specifications to which com- 


mercial beryllium is produced. Both % in. thick 


hot pressed plate and 42 in. round hot pressed and 
warm extruded rods were obtained. The history of 
the material is reported to be as follow 
1—Beryllium metal 
ard hot pressed QMV beryllium nm 
in., were cut off and finished machined to %%4x6x12 
in. flat plate The riginal hot pressed block wa 
made by hot pressing —200 mesh vacuum cast attri- 


vacuum 


plates, produced from a stand 


etal block 4x15x40 


tioned powder at about 1050°C und 

2—Beryllium rod was hot pressed and warm ex- 
truded. Extrusion billets were machined from the 
regular hot pressed blocks followed by 
425°C. The extrusion was done without jacketing, 
and graphite was used as a Jubricant. The rods were 
then straightened at 720°C, after which they were 
annealed at 800°C for 15 min 

Both flat 
specimens were tested. The former were machined 
from the plate stock into standard specimens accord- 
hown in ASTM E8-52T. The 


0.25x0.500 in. and the 


extrusion at 


tensile specimens and round tensile 


ing to specification 
nominal cross-section was 
gage length was 2 in. The round 


pecimen were 
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Teble |. Chemical Analysis of QMV Beryllium Powder Sample from 
Lot Y5SO368P 


QMV Speci 


Wt Pet fications, Wt Pet 


Blement 


Fig. 2—Hot pressed 
beryllium plote ten 
sile specimen No. 25 
is shown in the as 
recerved condition 


‘ 
j Fig. 3—Hot pressed 
beryllium plete ten 
wube} sile specimen No. 17 
wos annealed at 
800°C for 6 hr and 
furnace cooled oat 
approximately 2°C 
per min (800° to 
500°C 
‘ es 
he as wert the 
he eat ent T? con- 
i from the 
t) Crt 1800 mi 
Ma ‘ vas carriea 
1 r 1 and 
grait 
e (a ‘ lian 
‘ tr ‘ ve a 
the 
Experimental Procedure 
The genera cedure involved annealing t 
‘ te ‘ ng 
it va ate ler ¢t ‘ e the effect the 
‘ ire echa tr e test 
mate T he effect treat fol- 
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45.54} + 
26 
6.984 4 
4.64 Reloed ofter 7 
650° 
6.58+ 
os 
42) 
6.25} 7 
+ 
4.14, 4 
‘ 2 2s 
TRAIN N/IN 


Fig. 4-—Hot pressed beryllium plate tensile specimen No. 19 was 
fully anneoied at 800°C for 6 hr prior to testing as shown. The 
upper yield point was 34,300 psi and the lower, 33,950 psi 


Fig. 5—Hot pressed 
beryllium plete ten- 

sile specimen No. 18 

wos fully annealed 

ot 800°C for 6 hr if 


and then fully an , 
nealed at 650°C for ews 50.8 


one week 

ywed by low temperature aging treatments (quen h 
wing treatments) was also idied to some extent 
j was the effect of prestrain and ag g on mechan- 
cal propertit (stra wing treatments) Annea 
ng followed by varying cooling rates produced the 
most terestir results and w be dealt wit! - 
mat! in th tudy 

The annealir were carried out in sev- 


treatment 
mm Hg) annealing 
extended tests at the 


higher temperatures (600° to 900°C). Full anneal- 


ng involved cooling the specimen down to room 
termperature with the furnace at a rate of about 2°C 
per min in the range 900° to 500°C and Ik than 
1°C per min below this temperature Thi e- 
ferred to as full annealing or as furnace cooling 
hereafter. Except for several bars tested in the as- 
rece ed conditior all specimens were anne aled 
nitia at 8500 1} 1 lead bath, the peci- 
mer peing contained in a stainiess steel can witl 
zirconium turnings and sealed on both ends. Before 
removing the spe ens, this unit was allowed t 
cool in air ata ite which is estimated as between 
5 and 7°¢ per mir This referred to a ww a 
cooling Spec imer heated for hort times vere 
treated in a When heat treatment was ! lowed 
by cooling in still a t referred to as air cooled 
Water quenching from the annealing temperature 
and oil quenching were also done and are so desig- 
nated 

Annealing temperatures were cont olled to withu 


5°C of the desired temperature 


Experimental Results 


Typical results of this study are shown in Fig 
® through 12 and are summarized in bles Il 
and IV Due to differences in specimen it 
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iifference. Fig. 9 is an example of the most subdued 


id effect. Fig. 10. No. 29. is an example of the 


— 
99 92 00 
, 
92 5 
7 
furnace wa 


Table Ii. Hot Pressed Beryllium '4 In. Plate, Typical Tensile Dato after Various Treatments 


Upper Lewer Strain at Ultimate 
0.2 Yield Yield Yield Yield Tensile Flenga- 
specimen Strength Peint, Peint, Peint, Strength tien 
Ne Treatment’ Psi Psi Psi Pet Psi Pet Remarks 
25 As received 34,000 - — 40 B00 1.0 Slight inflection at 
yielding 
2 As received 34,100 - 51,800 16 Slight inflection at 
yielding 
17 800°C, 6 hr FC 35.300 0.55 52.800 52 
i9 800°C, 6 hr FC 34,300 33,950 0.40 Not taken to failure 
6 750°C, 24 hr FC 32,700 0.35 47.700 2.75 Broke at defect 
7 800°C. 1 hr SAC 31,100 50,700 4.5 Definite inflection at 
900°C. 4 hr FC vielding 
4 800°C, 1 hr SAC 37,300 050 4.100 45 
900°C, 4 hr FC 
Cc. é hr Fe 0 50.700 4 Def te 
650°« eek Fi yielding 
430.500 - 47.000 Os 
c week 
29 ROO SAC 1.100 47 2.75 
SA‘ 12.100 12,100 0.25 Mild eid 
28.200 
S At 28.300 
it SA‘ 12.100 12.100 0.25 Mild eld t 
4 0.00 40,500 2 Ti 
r AC 10 200 48.000 2h Slight 
600°C, 4 n AC ‘ 
f f SAC f amd AC for air cool 
Note: Re f ‘ € were « parable € gation values 
is convenient to separate the description into that not evaluated. Total elongation of the specimen wa 
dealing with hot pressed plate tensile specimens and low by comparison to fully annealed specimens de 
that concerning the hot pressed, warm extruded scribed previously. The specimen shown in Fig. 5 
round specimens indicates that with no prestrain the strong yield 
Hot Pressed Beryllium Plate Tensile Specimens point due to the initial full annealing at 800°C ha 
A typical room temperature stress-strain curve of been replaced by an inflection point. Apparently 
the as-received (as hot pressed) material, No. 25, is the critical state of precipitation required to p: 
shown in Fig. 2. An inflection point can be observed duce the marked yield point has been passed, al 
in the region of yielding. For comparison, a fully though properties remained relatively high. Elonga 
innealed specimen, No. 17, is exhibited in Fig. 3 tion did not suffer greatly from tl treatment 
A strong yield point is seen which extends to 0.5 pct Further tests were carried out using various coolin 
strain before strain hardening begins. Unloading, rates. Air cooling and faster rates of cooling fron 
followed by immediate reloading, shows that the the solution range, 700° to 900°C, failed to produce 
yield point has been completely removed. Com- any manifestation of the yield point phenomenon 
parison of mechanical properties of these two speci- However, slow air cooling of a series of specimen 
mens shows that No. 17 is superior to No. 25 in all proved quite interesting. In no case was a strong 
respects. A more extensive comparison of proper- yield point observed; however, the curves exhibited 
ties is summarized in Table II. This treatment was various degrees of the phenomenon: no yield point 
found in the present study to result in uniformly a definite inflection point, or a mild (1 extensive) 
higher properties than are generally associated with yield point. Ths could be partly accounted for | 
hot pressed stock, Table III A temperature of slight differences in the actual cooling rates but it 
700°C was determined to be the approximate min- is felt that inhomogeneity of the material is the 
mum temperature for the full annealing treatment major factor. This was given further confirmation 
to obtain the strong yield point and attendant in other tests in this study where samples treated 
enhanced mechanical properties together exhibited variations in behavior with re 
Fig. 4 shows the effect of annealing for one week gard to yield. Fig. 6 is an example of a slowly air 
at 650°C after a prestrain of 1.1 pct, while Fig. 5 cooled specimen in which the yield point effect i: 
shows the results of the same treatment with no very mild. It is noteworthy that mechanical prop 
prestrain. In the former case, the reloading curve erties are again lower than those of fully annealed 
indicates complete recovery with no yield point in- specimens 
lication: however, the relative importance of over- In general, with no prestrain, treating above the 
ng ecovery, and possibly grain growth were solution range, air cooling, or faster cooling followed 
Table Ill. Typical Tensile Data for Production Beryllium 
Tensile 6.2 Vield Pet 
babrication Ne eof Strength, Strength, Elenga ret Ref 
Methed samples Psi Pe tien R/A erence 
Hot pressed 45,800 41,600 27 
146 41.000 to 53.000 30.000 to 37.000 2to 35 229 4 
100 to 50.00% 25.000 to 40.00% 
Hot pressed 1 ‘ 79.40% +4 500 
xtruded 2 73.230 48.980 ' 
73.000 to 98.500 42.000 to 67,400 Sto 128 to} 
* Ave ae 
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Table 1V. Hot Pressed, Warm Extruded ‘2 In. Beryllium Rod, Typical Tensile Data after Various Treatments 


4 
4 
- 
4 
4 
‘ oe 
5 
27st 
4 


Fig. 6—Hot pressed beryllium plote tensile specimen No. 29 
was anneoled ot 800°C for | hr and slowly air cooled 


4 
‘ 
Fig. 7—Hot pressed, warm extruded beryllium rod round tensile 
specimen No. 27 is shown in the as-received condition 
trong yield 
t tained were 
it ¢ yr nflect 
wa tained 
} eve time 
\ afte 0.5 pet 
nt There j ‘ 
he f howl! 
it ena in hot 
‘ > ir trea 
‘ id ed were irried out 
‘ e tre a i 
N 27. D 
inge atte 
‘ ‘ t ed 
Me ‘ ‘ ‘ nid 
‘ ) ‘ ‘ re 
e Ill 
ed a : esta ‘ ‘ t. An 
exa mle t? ee! yhere echanical 
operti ‘ hat ve tr N 27 
Slow a ed ‘ eld t 
na pe the 
It s De eved that hon ge eit t I this 
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difference. Fig. 9 is an example of the most subdued 
ield effect. Fig. 10, No. 29, is an example of the 
trong yield point which can be produced by slow 
air cooling. Fig. 10 is a typical record of tests car- 
ried out varying strain, temperature, and time. Afte: 
nloading at approximately 1.25 pct strain, anneal- 
ing at 800°C for 40 min and air cooling completely 
removed any yield point effect, and complete re- 
covery took place. After a small strain of 0.25 pct, 
annealing for % hr at 500°C brought out a mild 
yield point with some strengthening. After 0.3 pct 
strain, annealing at 700°C for % hr and air cooling 
caused recovery with no yield effect. However, aging 
at room temperature for 16 hr produced a very mild 
yi I Faster quenching, such as oil 
quenching, from 700° or 800°C after small strains, 
recovery and 


produced no effect except complete 
loss of all vield point effect, as can be seen in Fig. 11 
The effect of several treatments on specimen No 
50 can be seen in Fig. 1. Strain of 1 pct followed 
by 300°C for 15 min, air cooled, brought out a 
definite yield point. After further straining, a sim- 
ilar treatment again produced the | 
Sample No. 49A, on the other hand, did 
not show a yield puint after aging with no prestrain 
at 300°C for 15 or 30 min. Quench aging treatments 
provided an interesting result as shown in Fig. 12 
Although no yield point was definite 
trengthening was observed by aging at 300°C, while 
showed 


yield point phe- 


nomenon 


obtained, 
aging above and below this temperature 


As in the case of the hot pressed plate tests, opti- 
mum mechanical properties corresponded with the 
Even though both 
quench and strain aging effects were observed in 
truded rod, it 


ive work would be required to uncover optimu 


ing effect 


felt that more exten- 


producing the eff 


pare a number of specimens given various treat- 
nent It interesting to note that these treatment 
greatly affect the mechanical properti Yield 
trengths especially are compared, since most speci- 
mer were not taken to failure It has been found 
that those beryllium specimens with the highest 
ield strength values will produce the optimun 
iltimate strengths and ductility value 
Discussion 

The present study of commercially pure beryllium 
hould be considered as an addition to the g ving 
t of metals exhibiting aging effects and it may 


serve as an indication for future work in improving 


the mechanical properties of beryllium. If increased 


57.6) 4 
7 
- 
= 
58.4 ee 
¢ 44% 
26,4008 
48% 4 
RAIN 


Fig. 8—Hot pressed, worm extruded beryllium rod round ten- 
sile specimen No. 55 was annealed at 800°C for | hr, slowly 
ait cooled, and then fully annealed at 900°C for 4 hr 
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De 
ve 
i ng information on low temperature solubility of timum conditions as represented by presence of the 


Table IV. 


Hot Pressed, Warm Extruded ‘2 In. Beryllium Rod, Typical Tensile Data after Various Treatments 


o2 Upper Lewer Strain at Ultimate 
Vield Vield Vield Tensile Elenga- 
specimen Strength, Peint, Point, Point, Strength tien,’ 
Ne Treatment Psi Pei Psi Pet Psi Pet Remarks 
27 As received 49,800 49,500 81,000 7. Discontinuing yielding 
mild yield point 
55 800°C, l hr SAC 28,400 58,400 46 
900°C. 4 Fc 
50 800°C “{ 14.900 34,900 0.25 Mild yield point 
52 800 *« 4.500 34,500 0.25 Mild yield point 
51 200°C 53.800 52,000 1.0 
31 4.600 67,600 
53 800 *¢ 56,100 51,400 1.0 
49 noo 54 51.900 1.0 
800 *« 34,100 34,100 0.25 Mild yield point 
52A 850° $3,200 
200°C 
S3A 650°C 44.400 
00°C 
32,000 
400°C, l hr AC 
* FC stands for furnace cool, SAC for slow air cool, AC for air cool, and OQ for oil quench 
Note: Reduction of area values were comparable to elongation values =! 
purity of the metal is difficult to attain on a com- stage in the precipitation process; a dislocation cer- 
mercial scale by present known production meth- tainly would offer the most likely site for the nuclea- 


ods it 


may ef 


is possible that suitable alloying additions 
fect the desired results by means of a 
cipitation phenomenon when accompanied by suit- 
heat treatment. The effect may be that of pre- 
cipitation involving the itself or the 
addition precipitation of the element 
or elements causing brittle behavior in the current 
material 

The effect of 


reating temperature 


pre- 


abk 
added element 


may promote 


from a 
range in either producing or 
point phenomenon and the 

vield strength of the mate- 


interpreted on the basis of precipitation 


cooling rate solution heat 


restraining the yield 
ubsequent effect on the 
rial can be 
of an unstable phase arising from the presence of 
commercially pure The 
of both quench and strain aging leads to 
the belhef that more 


impurities in beryllium 
presence 
than one type of 
However, the 


(including critical cooling rate treat- 


impurity may 
be resp nsible 


of the 


ments) tend 


greater effectiveness 
iorme! 


to create interest in precipitation hard- 


ening possibilities on the basis of the present re- 
ults. Reasoning in this way, it should be pointed 
yut, does not in any way deny the possibility of a 
lislocation mechanism underlying the yield point 
phenomenon itself. Both substitutional and inter- 


al solute elements can presumably make up an 


atmosphere for dislocations giving rise to a yield 
point under the proper conditions. The formation 
f this atmosphere may be considered as the first 
64 4 
ere 
a} 4 
432) j 
4 
BP 4 
sr ee 4 
34. 


TRAIN IN 


Fig. 9—Hot pressed, worm extruded beryllium rod round tensile 
specimen No. 31 was annealed at 800°C for | hr, slowly air cooled 
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tion of an unstable second phase just as it is for 
The 
would probably be more critical, however, for 
ing the yield point markedly, since as 


the presence of interstitial atoms former cast 
how- 
precipitation 
progressed the chances of dislocation escape decrease 
and normal hardening effects would greatly 
shadow any such tendency Finally, if 


occurred, of course, no yield point could be expected 


over- 
overTaging 


From the analysis shown in Table I, it can be 
noted that the beryllium used in this study con- 
tained a number of residual elements including alu- 
minum, boron, iron, manganese, and nickel. Exist- 

rhe 
a %? 
coord 
od 
i 


Fig. 10—Hot pressed, warm extruded beryllium rod round tensile 
specimen No. 49 was annealed at 800°C, slowly air cooled 
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Fig. 11—Hot pressed, warm extruded beryllium round tensile speci 
men No 50 was fully annealed ot 850°C for |} br 
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Preliminary Examination af the Quenching of Titanium Allavc 
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Dat nave ght lut t 
the presence may eithe lirect 
ect ac int for both quench and strain aging 
effect all ylut nece 4 
agir effect 
‘ tis thy eld ont pher menon and 
effect of echa a me ‘ r 
ire be j tar n ache 
et nif t {ft a el 
anil ly d and 
‘ t appea that juction | 
not. have | teria 
ich the best struct i 
" ed that the test ate i hand 
af 
‘ ‘ e actua ‘ effec 
" f the as- 
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‘ nsider appears to be 
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‘ r t? ‘ 
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Fig. 12—Hot pressed 
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ng treatments on 
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timum conditions as represented by presence of the 


ield point phenomenon 


Summary and Conclusions 

It has been found that marked differences in the 
nechanical properties and tensile stre« 
tionships of a number of beryllium tes 
from the same lot of material could 
mple heat treatments. Furthermore, manif 
f both quench and strain aging phenomena 
have been found to exist 

A strong yield point was found to exist in the 
1 attendant enhanced mechanical prop- 


tior 


material wit 

es under the following conditions 

1—-Hot Pressed Plate: Full annealing was carried 

it from above 700°C (700° to 900°C range used in 
» 


th study). Furnace cooling at approximately ( 
per min was employed 
2—Hot Pressed, Warm Extruded Rods: Rods were 


lowly air cooled at approximately 5° to 7°C per 
n from above 700°C (700° to 900°C range em- 
ployed in this work) 


Cooling in still air and faster rates of cooling 
from the solution treating range were found not to 
produce the yield point or any other aging effect in 
either type of specimen 

Furnace cooling of hot pressed, warm extruded 
bars from the solution range was found to show no 


eld point and exhibited lower tensile properti« 


than material treated by other means 


Beryllium specimens were found to respond to 
both quench and strain aging treatments. Optimun 
conditions to show the maximum effect of ict 


treatment probably have not been emy loved here 


It felt that the foregoing information may pos- 
bly be emy loved to advantage in everal way 
Comprehensive investigation of alloying pos- 
bilitie may uncover a means of increasing the 
echanical properties of beryllium throug i pre- 
tat or I echar Sub t tut or all so] if 
ment ich as cobalt, aluminum, boron, iron, nickel 
and copper may prove beneficial provided suitable 


heat treatment is employed 


2—Residual oxygen, carbon, ¢ nitrogen may be 
esponsible for the effects: in which case, a mear 
f obtaining the optimum properties and product 
iniformity in the commercially pure mate al t 
litable heat treatment uch a 
iiread described, is in 
By an appreciation ot! these effects, close con- 
trol of production variables such as cooling rate 
and chemical analyses will provide a commercially 
pure beryllium with the most uniform properti 
that are possit le to obtain 
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Preliminary Examination of the Quenching of Titanium Alloys 


From the limited experimental data in the literature, preliminary values were derived 
for the thermal diffusivity of titanium alloys and for the quenching severity of various 
mediums used in heat treating them. The thermal diffusivity, under quenching condi- 
tions, was found to be approximately 0.006 sq in. per sec. The quenching severity H 
for brine is approximately 8, for water 4, for oil 0.9, for air 0.08, and for argon 0.02 in 
The quenching severity of the Jominy-Boegehold end quench water jet against titanium 
alloys appeared effectively infinite. Using these results, graphs were prepared showing 
ideal round sizes and Jominy positions having cooled conditions equivalent to those at the 
center and surface of titanium alloy rounds, plates, and sheets quenched in various media 


= importance of proper quenching of steel 
parts has long been recognized, and much quan- 
titative work has been done on the subject. Recently, 
has become evident that for titanium alloys, too, 
1e rate of cooling from high temperature is impor- 
tant in obtaining high strength and hardness. Max- 


imum hardness and strength may not be attained in 
the as-quenched condition but rather after a subse- 
quent tempering or aging treatment. Nevertheless 
if cooling from temperatures near the £8 transus i 
too slow, for the hardenability of the alloy used, a 
oft a-f8 structure will be produced which will not 
harden on subsequent aging 

The quenching of parts of practical interest can 
isually be approximated by simple shapes, such as 
cylinders (rounds) and plates (or sheets) of various 
thickness and combinations of these. A standard 


that has been used extensively for comparison pur- 
poses is the center of an ideal round: a cylinde 
yuenched in a medium that instantly cools its sur- 
face to room temperature For steel, considerable 
practical use has been made of the Jominy-Boege- 
hold end quench hardenability specimen,”* and its 
becoming evident. It 

le to attempt compari- 
son of cooling conditions in titanium alloy round 


value for titanium alloys 
therefore appeared worthwhi 
and plates of various sizes quenched in various 
nedia with cooling conditions in ideal round and 
Jominy quenches. These comparisons are based up- 
on measurements reported in the literature 


Quenching Severity of Jominy Water Jet and of Brine 

As one starting point, there were available the 
lata of Phillips and Tobin" for positions on a Jom- 
ny specimen having the same hardness as the cen- 
ters of round bars of various size quenched in 5 pct 


NaOH brine, shown in Table I. The Jominy speci- 


L. D. JAFFE, Member AIME, formerly associated with Ordnance 
Moterials Research Office, Wetertown Arsenal, Watertown, Mass 
is Chief, Materials Section, Jet Propulsion Leborotory, California 
Institute of Technology, Pasadena, Calif 

Discussion of this paper, TP 4026E. may be sent, 2 copies, to 
AIME by Jon. 1, 1956. Manuscript, July 27, 1954. Philodelphic 
Meeting, October 1955 
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Table |. Equivalence of Jominy Distance to Center of Brine 
Quenched Round* 


After Phillips and Tebin 


K 

\ 

1 F Base n eq 
on 

men is a round bar, normally 1 in. diam and 4 in 
long quenched by a water jet at one end and ai 
cooled on the other irface After quenching 
hardnes measured vs distance from the quenched 
end on longitudinal flats ground 0.015 to 0.10 in 
deep The data of Table 1 were | ed on a ibsized 
specimen of “4 in. dian Since the positions tested 
are close to the jet quenched end, cooling there may 
be taken as due sole to the jet, and air cooling cat 
be neglected These pe { are then equivalent t 
various locations near one f f an 8 in. plate 
jet que nche don both de 

Assuming that the thermal! diffusivity is constant 
and that Newton's law of cooling holds, temperature 
vs time curves at corresponding | tior n Jominy 
specimen and round bar then may be calculated for 
various assumed quenching severities of the water 
jet and of the brings Cooling curve are generally 
taken to be metallurg ea ilent when the 
how the same time to reach a temperature halfwa 
between the initial (heat treating) temperature and 
the final (quenching medium) temperature" Or 
this basis, using Russell's table ipplemented by 
heat flow tat le derived f mila fashior by the 
author for positions near the surface of severels 
quenched plat« t was found that the experimer 
tally observed equivalenc Table I, wa best 
matched if the quenching severity H of the Jominy 
water jet was taken as infinite (H r.). This mean 
that the jet quenched irface hould be considered 


as instantly cooled to the temperature of the water 
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Fig. |—Sizes of actual and ideal rounds having equivalent 
cooling conditions are compared 
Aw 
‘ 
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Fig. 2-—-Suzes of plate or sheet and ideal round having equiva 
Y ent cooling aditions are compared 
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Table I! Cooling Rates ot Center of In. Sq Titanium Alloy Bors 
| Quenched in 5 Pct NaOH Brine 
Calee 
lated Therma! 
Qeenchead Rate * Diffesivity, Sq 
( em pesitio: Frem °? Rate per See In. per See 
‘ ‘ 
“4 
4 
Mean 
7 
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Table ‘Ii. Cooling Rotes at Center of Oil Quenched Titanium 
Alloy Bars and Sheet 
Calee 
lated 
Quench 
Rate,’ ing Se 
Compe Quenrhed verity 
sition From °F Size Rate At °F per See H.In 
4 2 1.16 
0.78 
q ba B06 to 120 + OM 
200 18 
eet 1800 to 1200 > 0 35 
450 26 
q ba 654 120 0.62 
ir 20 19 
hee Aasot 204 48 
Geemetric Mean 09 


* Data of Phillips and Tobin.* 


of cooling rates at the center of brine quenched % 


ir q bars, Table II. A %& in sq bar may be con- 
idered, for heat flow calculations, as the volume 
common to two perpendicular intersecting ™% in 


Russell’s tables for plates, the thermal 
would give the observed cooling 
ates was calculated for quenching severity H = 8.0 
n with the results shown in Table II. The aver- 
ge of the calculated values is 0.006 sq in. per se 
Tt may be taken as a preliminary value for the 
diffusivity of 8 titanium containing some 
ng elements in the range 1800° to 1000°F 


piate Usin 


vity that 


ermal 


Quenching Severity of Other Mediums 
Once the diffusivity is known, quenching severity 
for other mediums can be calculated from 
rves. Table III shows the data for oil, leading (by 
of Russell’s tables) to a calculated quenching 
everity H For air and 
lcw enough so that the cooling could be 
simplifying the com- 
show the data, leading 


cooling 


0.9 in argon, severitie 


were con- 
idered exponential with time 
Tables IV and V 


putations 


to the calculated severities of H 0.08 in.“ for air 
nd H 0.020 in. for argon 
By comparing the calculated severities of brine. 


air, and argon with measurec cooling rates fo: 


Ni-( alloy quenched in these and other media. 
yuenching severities for other media ised in 
juenching titanium alloys were estimated. Table VI 
‘ives the results The degree of circulation or agi- 
tation during quenching of the titanium alloys was 
ot given but was probably moderate 

Having the quenching severities, it is possible to 
find the size of the round bar quenched in a medium 


of infinite H (ideal round size) whose center cools 


nt to that anywhere within a sim- 


ata rate equivali 


ple shape quenched in any of the media listed 
Methods for center positions” and for other posi- 
are £iver the literature T implify 
i 
Fig. 3—Jominy dis 
tance ond ideal round } 
size heaving equivo } 
lent cooling condi 
tions are compered. 
> 
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Fig. 4—Round size and Jominy distance 
having equivalent cooling conditions are 
compored. Jominy specimen hes a | in 
diam 


Fig. 5—Plate or sheet size and Jominy 


distance having equivalent cooling con « 


ditions are compared. Jominy specimen ’ 


has a | in. diom 


application, Figs. 1 and 2 were calculated from the 
references cited and permit direct comparison of 
cooling conditions at center and surface of titanium 
alloy rounds, plates, and sheet, quenched in water 
(H 4 in.”), oil (H 0.9 in.*), and air (H 0.08 
in. '), with those at the center of an ideally quenched 
(H x) round. 


Cooling Conditions in Jominy Specimens 

Next, the positions on the end quench harden- 
ability specimen having cooling conditions equiva- 
lent (half-temperature time) to those at the center 
of ideal rounds of various sizes were calculated, 
using Russell’s tables. Water jet quenching of one 
end with H * and air cooling of the sides and 
opposite end with H = 0.08 in.” were considered for 
specimens 4 in. long and 1, %, and % in. diam 
Fig. 3 gives the results 

From Figs. 1 through 3, the positions on 1 in. diam 
Jominy specimens having cooling conditions equiva- 
lent to those at center and surface of rounds, plates, 
and sheets quenched in water, oil, and air were ob- 
tained and are plotted in Figs. 4 and 5 


Discussion 
The limitations of the Grossmann-Asimow*”” ap- 
proach to equivalence of cooling conditions, as applied 
to steel, have been discussed by a number of auth- 
ors * Since the same limitations generally hold 
when the material considered is titanium alloy, they 
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Actus! Diameter of Round , inches 


2 
Sheet of Plote Thickness inches 
need not be reviewed here. The approach, despite 
its limitations, has proved to be of value for steel 
The scatter in the calculated quantities for brine 
II and III, is cer- 
imption that the 


and oil quenching, shown in Table 
tainly due primarily to the a 
quenching severity independent of temperature 
For these media which boil during the quench, it 
well known that there are three stages of quench- 
blanket, liquid 


ing—vapol vapor transport, and 


Table IV. Cooling Rates at Center of Air Cooled Titonium Alloy 
Bars and Sheet 


Calee 
lated 
Quench 
Rate." ing Se 
Compe Cooled verity 
sition Prem °F Sine Rate per fee tn 
7 
pet M 
2 peta 27 4 
0.11 pet ¢ the 
4 2 row 
7.9 pet Mr 
‘ pet ‘ 4 166 20 
28 
1650 t 204 21 
Mean 0 08 
D { Phillips and Tobir 
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we f 
48 
20 
| 
2 Py 
of 
| 


th enchir everit diffe fron 
enchs Table Vi. Quenching Severity for Various Media Against 
Titonmum Alloys 
‘ ‘ tag the catte muct 
IV Quenching Severity. 
for titanium ALLOY Medium H in 
U.00t } j wha ve than that 
Tat I, are t three time Sf VaQOH 8.0 
Brine 8.0 
+} ‘ te< ‘ na Ice wate 42 
at git W ne 09 
* i 1, th A tre al Cf } t t B g wate 2 
mt ‘ " f ite Arg 0.02 
nee 
re ed va W. E. Jominy and A. L. Boegehold: Hardenability 
' I t De Test for Carburizing Steel. Trar ASM (1938) 26, pp 
hut alsc 4.606 
i not de- Method of Determining Hardenability of Steel 


ta 1953 New York. SAE Handbook. Also, Amer. Soc. for 


Testing Materials Std. A255-487 
2 C. W. Phillips and J. C. Tobin: Phase Transforma- 
- Table V. Cooling Times for Argon Cooled Titanium Alloy Bars” tions and Heat-Treatability of Titanium-Base Alloys 
' To be published. University of Michigan Final Report 

Calculated Quenching to Watertown Arsenal, WAL 401/81-18 June 1953 
Time, in T. F. Russell: Some Mathematical Considerations on 
the Heating and Cooling of Steel. First Report Alloy 
, Steels Research Committee, Iron and Steel Inst. (1936) 
) pp. 149-187 

4 J. H. Hollomon and C. Zener: Quenching and Hard- 


Mean enability of Hollow Cylinders. Trans. ASM (1944) 33, 


J. H. Hollomon and L. D. Jaffe: Ferrous Metallur- 
yical Desigr 1947) pp. 61-75, 175-195. New York. John 
Wiley and Sons 


F. C. Holden, H. R. Ogden, and R. I. Jaffee: Heat 


Treatment, Structure, and Mechanical Properties of 
ail Ti-Mn Alloys. Trans. AIME (1954) 200, pp. 169-184 

ne i JOURNAL OF METALS (February 1954 
nere W F. Wever: The Theory and Practice of Steel Hard- 
ng. Archiv fiir Eisenhiittenwesen 1936-1937 5 p 


Conclusions 

' H. Scott, G. T. Williams, and B. F. Shepherd 

Quenching Mediums. Metals Handbook 1948) pp. 615- 
Cleveland. ASM 

, M. A. Gr mann and M. Asimow: Hardenability 
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posium on the Hardenability of Stee] Spec 
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+ F. W. Jones and W. I. Pumphrey: Some Experi- 
n Quenching Media. Journal Iron and Steel 
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Hardenability of Titanium Alloys Calculated from Composition: 
A Preliminary Examination 


From data found in the literature, a method has been derived for calculating 
hardenability of titanium alloys from their composition. A single graph gives the 
contributions of each alloying element. These are simply added to a base harden- 
ability for unalloyed titanium. Results agree satisfactorily with measured harden- 


abilities. 


ECENTLY the importance of hardenability of 
titanium alloys in permitting attainment of 
high strength and hardness has become apparent 
If a titanium-base alloy has adequate hardenability 
for the section size and quenching practice used, it 
can generally be heat treated to high strength and 
hardness either by simple quenching or cooling from 
temperatures near the § transus, by quenching and 
tempering (aging), or perhaps by direct isothermal 
transformation of 8 If the hardenability is in- 
adequate, high strength cannot be attained. Pre- 
liminary charts translating hardenability require- 
ments for shapes quenched in various media into 
erms of Jominy end quenched hardenability speci- 
mens or ideal round sizes are now available for tita- 
nium alloys 
The method proposed in 1942 by M. A. Grossmann 
or calculating hardenability of steels from com- 
position has proved to be of great practical value 
It appeared worthwhile to see whether, using in 
mation available in the literature, a corresponding 
nethod for calculating hardenability of titanium- 
base alloys could be derived 


Data 
No systematic experimental study of the harden- 
ability of titanium-base alloys has yet been mad 
There is available, however, a considerable quan- 


itv of scattered data bearing on hardenability. Some 


investigators determined Jominy curves on one OI 
everal alloys. Others reported as-quenched hard- 
ne for specimens of a few alloys cooled at various 
rates or in various media. Still others gave the as- 
yuenched hardness for systematically varied com- 
position, using one or several cooling medium 


The measurements utilized in this work wert 


limited to hardne Strength measurements were 
not used because a low strength may reflect high 
hardness combined with brittleness. Since, in gen- 
ral. the hardness of titanium alloys goe through a 


peak as the cooling rats varied from extremely 


y slow. the cooling condition at 
ness was found were taken as the 


l 
fast to extremel 
which peak hard 
measure of hardenability 

When as-quenche d hardness was found to drop as 
the content of an alloying element (believed to in- 
crease hardenability) was raised, this was taken as 
an indication that the cooling rate was faster than 
that giving peak hardness; otherwise, the hardnes 
hould go up because of solid solution hardening 


lso. if the hardness increased on tempering at low 
teraperatures, this was again taken to indicate that 


L. D. JAFFE, Member AIME, formerly associated with Ordnance 
Materials Research Office, Watertown Arsencl, Watertown, Mass. 
is Chief, Materials Section, Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, Calif 

Discussion of this paper, TP 4025E, may be sent, 2 copies, to 
AIME by Jon. 1, 1956. Manuscript, July 27, 1954. Philadelphic 
Meeting, October 1955 
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Fig. 1—Data are shown for the effect of aluminum on hordenability 
of titanium alloys. The curve drown is based on tabulated numeri 
cal values 


the cooling rate had been faster than that giving 
peak hardne Many of the data did not indicat 
precisely the cooling conditions for peak hardne 


but merely set a maximum or a minimum bound, o1 


a bracket. Since the sizes of specimens quenched 
and the location of the hardne readings were not 
alway given, it Was occa ionally nece ary to esti 
mate reasonable limits for them. Only the nominal 
compositions were available in some cast A 
quenching from below the f transus is equivalent 
to starting with a mixture of a and # phas« whose 


individual composition would differ from the overall 


composition of the alloy. only measurements after 
quenches from above the # transus were u ed. Hard- 
ness measurements on samples heated during metal 
lographic mounting were also discarded 

Because of the bulk. the data used will not be 
reproduced. They have been or will be published 


Approach 


All data were first transiated into term of ideal 
round size. For conve on from Jominy or quenched 
round or sheet, the author graphs were used.” For 
a few furnace cools or helium q senches where cool- 
ing rate were given, conversion was made on the 
basis of equal cooling coefficient 

Plots of ideal round size for peak hardne against 


percentage of alloving elernent were next made for 
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binary alloys of titanium with molybdenum, chro- 
anadiur! ron, and manganese. Some meas- 
urement were also available for binary alloys with 
aluminum, copper, and tantalum, but since these 
et « maximum bounds for ideal round size of 
all compositions, no plots could be made. Experi- 
mer lata were available on eleven ternary o1 
‘ plex illoy containing, nominally, ynly 
titanium and elements covered by the plots. The 
effect of individual alloying element read fron 
the plot were combined both additively and multi- 
plicative und compared with the experimental 
dea yund sizes for the eleven complex alloys. In 
these " r the lea jund ize for peak 
j n una ed titaniur wa ised aS an un- 
let ed paramet« ind adjusted to le best 

‘ fit. The be it ft the additive scheme wa 
ibtained with ar med yund ze of 0.12 
n. f ina ed titaniu F the multiplicative 
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Fig. 2—Dete ore shown for the effect of molybdenum on the 
hordenability of titanrum alloys 
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Fig 3—Deta are shown for the effect of chromium on the 


hardenability of alloys 


JOURNAL OF METALS. NOVEMBER 1955 


TRANSACTION) AIME 


scheme, best fit was obtained with an assumed 0.50 
in. for unalloyed titanium 

At best fit, the average difference between cal- 
culated and experimental ideal round size for the 
complex alloys was 19 pct for additive combination 
and 25 pct for multiplicative. Also, the measured 
ideal round size for peak hardness of unalloyed 
titanium was under 0.16 in. Assuming such a value 
for the multiplicative scheme made the calculated 
values for the alloys differ from the measured by a 
actor of three or more in many cases. Finally, the 
additive scheme is simpler to use than the multi- 
plicative. For these three reasons, attempts at de- 
riving a multiplicative scheme were abandoned and 
attention concentrated on the additive method 

The hardenability of Ti-Al alloys was apparently 
too low to permit satisfactory measurement. The 
effect of aluminum on hardenability was therefore 
»btained from measurements on ternary alloys of 
titanium and aluminum with chromium, molyb- 
denum, vanadium, iron, manganese, tantalum, and 
columbium, in which the content of the third ele- 
ment was held constant. The results are plotted in 
Fig. 1 

Measurements on both Ti-Mo binary alloys and 
Ti-Mo-Al ternaries were then used to obtain the 
effect of molybdenum, Fig. 2. Next, the effect of 
chromium was determined from data on alloys with 
titanium, aluminum, and molybdenum, Fig. 3. The 
effects of vanadium, iron, manganese, and carbon 
were successively found in similar fashion, Figs. 4 
through 7. The few data available on nitrogen addi- 
tions led to inconclusive results for nitrogen. For 
oxygen only a single datum was found: the measured 
hardenability of a chrome-iron alloy with nominally 
0.30 pet O was 0.39 in. lower than that calculated 


for the normal sponge content of about 0.1 pct O 
xygen apparently lowered the hardenability about 
0.2 in. per 0.1 pet O. On this basis, the hard nability 


if unalloved iodide titanium would be 0.2 in. as 


compared to 0.1 in for sp of good quality, 
which was used in preparing most of the alloys dis- 
ed. No measurements pertaining to effect of 


hydrogen were found 
Results 


Fig. 8 summarizes the effects of the various ele- 
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Fig. 4—Dota ore shown for the effect of vonadium on the harden 

ability of alloys 
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ments investigated. The hardenability of a titanium- 
base alloy of known composition may then be found 
by adding the effects of the separate elements, as 
given in Fig. 8, to the base value for unalloyed 
titanium: 0.1 in. for sponge or 0.2 in. for iodide 
(These base values are so small that they can often 
be neglected.) The will be the ideal round 
size having peak as-quenched hardness. Conversion 
to the Jominy distance at which peak hardness will 
occur may be made by a chart presented in a com- 
panion paper 

The validity of Fig. 8 was examined by compar- 
ing hardenability calculated for it with measured 
hardenability for all alloys for which precise hard- 
enability measurements were available (essentially, 


answer 


for which position of peak hardness on a Jominy 
bar had been determined). Table I shows the com- 
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Fig. 5—Dota are shown for the effect of iron on the harden 
ability of titanium alloys 
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Fig. 6—Dote are shown for the effect of manganese on the harden 
ability of titanium ailoys 
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positions, Fig. 9 the results. The difference between 
calculated and measured hardenability averages 17 
pet. Part of the difference is doubtless due to error 
in the hardenability measurement; the median dif- 
ference is only 9 pct 
Discussion 

that carbon and oxygen 
alloys, in 


interesting to note 
titanium 


It is 
lower hardenability of 
with that they isothermal de- 
composition of £8 Nitrogen, for which results 
were not obtained, probably does likewise. Although 


accord 


reports accelerate 


under equilibrium conditions aluminum stabilizes a 
at the expense of 8," it nevertheless increases hard- 
enability slightly. Vanadium hard- 
enability slightly, perhaps more so indicated 
by the harden- 


increases 


than 


also 


curves drawn. Manganese raises 


ability moderately. Chromium, molybdenum, and 
iron add greatly to hardenability 
+8 
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Fig. 7—Dato are shown for the effect of carbon on the harden 
ability of titanium alloys 
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Table | Compearison of Calculeted and Measured Hardenabilities 
of Titenwm Base Alloys 


Mardenability, Ideal Round Size. In 
Literature 


Campersition, Pet ( aleelated Measered Reference 
‘ 
‘ 
‘ 
‘ ear 
‘ 
‘ 
‘ 
i 
i 
‘ 
‘ 
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Fig %—Calewloted hordenability of titrnium alloys is compored 
with good hardenability measurements 
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7 al 
based upon a direct and systematic expe nenta!l 
Unt uch a program is complete and 
ew the atisfactor greet ent showr Fig. 8 
¢ ed that the scheme utline ay be used 
nte + Sir » it mr t shx d 
t be extrapolated very far 
Conclusions 
A prelimi na method has been derived for cal- 
ating tne hardenability of titanium alloys 
th coms tion. It consists of adding contribu- 
ndividual alloving elements to a base Nhard- 
enability for unalloyed titanium. Results are in sat- 
factory agreement with the good hardenabiiit! 
irerment fa eporte : 
Discu or this japel any will ippeal 
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Recrystallization Textures 


of a Coid-Rolled Aluminum 


Single Crystal 


An aluminum single crystal cold-rolled from (110) [112] essentially retains its 
initial orientation after 99.6 pct reduction in thickness. The orientation of the recrys- 
tallized grains of this material can be described in terms of crystallographic rota 
tions about principal poles of deformation texture. 


URING the study of the recrystallization of a 

copper single crystal cold-rolled from a (110) 
[112] initial orientation, the orientation of the re- 
crystallized grains could be derived by a 30° rota- 
tion of the orientation of the cold-rolled matrix 
about its 11] poles.’ The present investigation 
was undertaken to extend the work done on copper 


to an aluminum crystal also cold-rolled from a (110) 
[112] initial orientation 


Experimental Procedure 
The procedure of this experiment was similar to 
that reported for copper.’ An aluminum (99.998 pct) 
single crystal rod* 1% in. in diameter was grown in 


*K ; furnished by Dr. E. C. Burke, now with The Dow Che 


a thermal gradient furnace.’ A rectangular specimen 
was cut with a surface ground parallel to the (110) 
plane. After the disturbed surface was etched off in 
Tucker’s reagent, the rolling plane was about 3 
from the (110) plane, as determined by the Laue 


Y. C. LIU. Junior Member AIME, formerly Groduote Student, Yale 
University, is Research Associate, New York University, New York, 
and W. R. HIBBARD, JR., Member AIME, formerly Associate Profes 
sor of Metallurgy, Yale University, New Haven, Conn., is ossocioted 
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tric Co., Schenectady 

Discussion of this poper, TP 3976E, may be sent, 2 copies, to 
AIME by Jon. 1, 1956. Manuscript, Sept. 13, 1954. Philodelphic 
Meeting, October 1955 

This paper is bosed on a portion of a thesis by Y. C. Liu sub 
mitted, in pertial fulfillment of the requirements of the degree of 
Doctor of Engineering, to the Faculty of Yale University 
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back-reflection technique.” The specimen (1.20x 
1.004x0.6787 in. thick) was then rolled along the 
[112] direction. The final thickness was 0.0028 in., 
giving a reduction in thickness of about 99.6 pet 

Specimens were cut from the rolled strip with 
scissors, and approximately % in. of disturbed metal 
was removed with Tucker's reagent. The rolling 
edge remained intact 

The specimens were sandwiched between two 
graphite plates and annealed in a lead or lead alloy 
bath which was electric ally heated. Pole figures were 
constructed using the techniques previously de- 
scribed 

Specimens were electrolytically polished’ and 
etched with 47 pct HNO, 50 pet HCl, and 3 pet of 
48 pct HF. The electrolytic polishing method and 
etching reagent employed for aluminum specimen 
were not entirely satisfactory and the microstruc 
tures could not be studied in any detail 


Results and Discussion 

The octahedral pole figure of cold-rolled aluminum 
strip is plotted in Fig. 1. The 111 poles spread 
in the transverse direction approximately 8° for the 
highest intensity area 

The spread in the transverse direction can be re- 
lated to a rotation about two <110> directions lying 
in a plane containing the rolling direction and roll- 
ing plane normal. The two 110> directions and a 
scale of rotation for the <111> poles are shown in 
Fig. 2. The amount of rotation is consistent for three 
of the four <111> poles, about 35° to 40°. The dis- 
crepancy for the fourth pole is believed to be due 
to limitations of the film technique. Alternate inter- 
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Fig Octahedral pole figure of on aluminum single crystal cold 
rolled 996 pct reduction in thickness from the 110 {112] orienta 
fron Triangle represents octohedrol poles of (110)| 112] orientation 


tatior it the rolling a 
tat it the ] 
Cpa e tral ea The 
it the 110 ixe nit 
ppe the ‘ 
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witr e- 
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* 
th 


Fig 2—Octahedral pole figure, some as own in Fig | with o 


scale of rotetion about dodecohedral poles | and 2 
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the specimen was prepared within one degree of the 
(110) [112] omentation 

A microstructural study of the specimen annealed 
300 sec at 300°C revealed no sign of recrystallization 
nd the resultant pole figure is the same as Fig. 1 
tance of this aluminum specimen to re- 


crystallize may be attributed to the “easy” flow for 


rie reiuc 


ingle crystals rolled in this orientation as proposed 
n the case of copper.’ This characteristic behavior 
was also observed by Lutts and Beck.” The specimen 
which had been annealed 300 sec at 400°C was found 


to be fully recrystallized, based on microscopic ex- 
amination 
The pole figures plotted for specimens annealed 


100 sec at 400, 500°, and 600°C exhibit essentially 


the same general characteristics, as shown in Fig. 3. 
with only slight variations in intensity. The 30° rota- 
tion eported in the case of coppel! did not fit these 
té xt i 

However, 40° rotations about the three’ lll 
poles (AI, AIl, and AIII of Fig. 5) of the deformed 
matrix was found to develop part of the recrystal- 

ation texture (open symbols in Fig. 3) 

The 40° rotations about 11] poles of the de- 
formed structure has also been reported for the 
tallization of cold-rolled talline, higt 

irity (99.90 pct) aluminum, and compressed com- 
mercial aluminun ngie « ta 

The tatior n th nvestigation were found to 
be unidirectional, as indicated in Fig. 5. The result- 
ing poles were found generally to satisfy most in- 
tense ea nm tre pole figures, Dut some of the densé 

gions (cross¢ n Fig and 5) st were not in- 
cluded. It was found that the emaining intenst 
irea could be included fron ientation btained by 
0° unidirectional rotatior ibout the thre« 110 
poles (A-1, A-2, and A-5) indicated in Fig. 5 

The | ‘ tat I 1¢ ved I rr U ot it ons ab it 
two of the 0> pole 4-1 and A-2 of Fig. 5, were 
j ised 1 ationa e the transverse spread in the 
leformation texture $y comparing Figs. 2 and 5 


Fig. 3—Octohedral pole figure of aluminum specimen annealed 300 
sec at 500°C. For symbols, see Fig 5 
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Fig. 4—Octahedral pole figure of aluminum specimen annealed 300 
sec at 650°C. For symbols, see Fig. 5 


t can be seen that both rotations are clockwise, in 
the manner indicated. It is suggested that the re- 
crystallized grains related to the two 110 poles 
may be obtained from material which is present in 
the spread toward the transverse direction in the 
deformation texture 

The reason for the dodecahedral pole A-5 acting 
as an axis of rotation is not understood. This pole is 
symmetrically oriented between the other two par- 
ticipating dodecahedral poles, but the resolved shear 
stress in this direction during deformation is zero 
However, it is possible that deformation involving 
the poles A-1 and A-2 might produce nuclei o1 
growth areas, which can be related effectively to 
pole A-5, although they are actually the resultant 
of duplex deformation on the other two poles 

Fig. 4 is the pole figure plotted for the specimen 
annealed 300 sec at 650°C. Many of the orier 
in Fig. 3 (squares) are not found in Fig. 4, and the 


tations 


only orientations developed (circles in Figs. 3 and 
4) are those which can be related to one of three 
poles, namely, octahedral pole AIII or dodecahedral 
poles A-1 and A-2 (Fig. 5). The persistence of oren- 


tations with these poles as centers of rotation after 


high temperature annealing might be interpreted in 
terms of a high intensity of deformation on thes« 
planes or in these directions. This heavier deforma- 


ht result in early nucleation and growth of 


these grains at 650°C before the other onentations 


are formed. Those orientations indicated by the en- 
circled crosses in Fig. 4 are present also in the fringe 
areas of the deformation texture and might have 


tion in the same 


th 


survived as a result of recrystalliza 


orientation and preferential growth with relation to 


the hig? areas 30° away, previously pres- 
ent as the triangles in Figs. 1 and 3 

Intense areas related to <111> poles derived from 
a 40° rotation about <111> pole AIV in Fig. 5 are 
missing from the pole figures in Figs. 3 and 4. The 
absence of orientations from these rotations is be- 


lieved to be associated with the fact that during roll- 


ing the resolved shear stress in this plane was zero, 
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Fig. S—Ideal octahedral orientations resulting from the recrystalliza 
tion rotations about poles Al, All, Alll, Al, A2, and AS. Numbers 
indicate poles of rotation (prefix A) or new orientations derived 
from these poles of rotations (no prefix) 


and thus it was probably not active in the deforma- 
tion process 
Summary 

1—A high purity aluminum single crystal (99.99 
pct) was cold-rolled on the (110) plane in the [112] 
direction. The resulting deformation texture showed 
that besides the retention of its original orientation, 
ad in the transverse direction was present 
2—Annealing at 300°C produced no evidence of 
recrystallization, indicating that the cold-rolled 
single crystal is more reluctant to recrystallize than 
comparable polycrystalline aluminum 

3—After annealing at 400° to 600°C, the orienta- 
tions of recrystallized grains can be expressed in 
terms of rotational reorientations described as (re- 
ferring to the (110) [112] orientation): 40° um 
directional rotation about three of the four octa- 
hedral pole and 30° unidirectional rotation about 
three dodecahedral poles 

4—-Only three of the seven orientations resulting 
from the foregoing rotations are present after re- 


crystallization at 650°C 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metal 
Branch Transactions, Vol. 206, 1956 


References 
Y. C. Liu and W. R. Hibbard, Jr.: Trans. AIME 
(1953) 197, p. 672; JourRNAL or Metats (May 1953 
E. C. Burke and W. R. Hibbard, Jr Trans. AIME 
(1952) 194, p. 295; JournaL or Metats (March 1952 
A. B. Greninger: Trans. AIME (1936) 122, p. 74 
P. A. Jacquet: Le P« age Electrolytique des Sur- 


faces Metall que et ses App cation 1948) Paris 


N. K. Chen and C. H. Mathewson: Trans. AIME 
(1952) 194, p. 501; Journat or Metaus (May 1952 

*P. A. Beck and H. Hu: Trans. AIME (1949) 185, p 
627; JouRNAL or Metats (September 1949 

W. R. Hibbard, Jr. and M. K. Yen: Trans, AIME 
(1949) 185, p. 126; Journat or Merats (February 1949) 

A. H. Lutts and P. A. Beck: Trans. AIME (1954) 
200, p. 257: Journnat or Metats (February 1954) 


NOVEMBER 1955, JOURNAL OF METALS—125! 


‘ 


Cleavage Steps on Zinc Monocrystals: Their Origins 
And Patterns 
(Gils 
Examination showed that characteristic cleavage step patterns are observed on 
the cleavage surfaces of undeformed, slipped, bent, twinned, compressed, and in- 
dented zinc crystals; and the effect of temperature is discussed. Dimples were seen 
to produce cleavage steps in a treelike pattern in otherwise undeformed crystals. 
F The steps seem to originate when cracks intersect screw dislocations. 
l has been known for a long time that the path of The specimens were zinc monocrystals (grown 
i | ine ta iy bed ntinuous (se« from 99.999+ pct pure metal). These were cleaved 
eed, and Mann’ f eview ). Recent Kir at room temperature and at —196°C 
sal « . oa Other « ence has beer Cleavage step patterns are highly variable from 
nt to point on a given specimen, as well as from 
within a ta ne specimen to another. Although the patterns 
“ , “are ellae be- how! the photographs are typical, they have 
of te been selected for graphic illustration 
4 These cliffs appear as line Figs. la and 1b compare undeformed crystals that 
,/ bre bye , oe irface erved mi cop- were cleaved at 196°C and room temperature, re- 
‘ he ha oe tree. and pectively. Cleavage at room temperature (Fig. lb) 
nd the esuited in a highe density of high ster (dark 
; balan 4 ' rhe de- black lines) and enhanced the visibility of the fine 
height . wide range Deformation by simple slip caused no marked 
P ; dime 10 i change in the step patterns until the glide strain 
K ees —- Ge eached about 1.0. But, as Fig. Ic shows, the densit) 
have " " eava tep patterr f high cleavage steps was gré atly increased by 
et if large glide strains. Corrugations lying perpendicular 
re Thu he jepend to the slip direction may also be seen in Fig. l« 
the ‘ it that i These are caused | aet ation bands The cleav- 
eavage a elat ‘ tive to the age resistance of the crystal of Fig. lc was very high 
! f the F exa e, parabolic compared to undeformed crystals (estimated by the 
t whe ck en u force on a needle required for cleavage) 
" % s*head of. and not ur with. the sin crack front Striking and varied cleavage step patterns were 
7 If the advance wk ha velocitv as the observed on bent crystals) Two characteristic pat- 
7 eee. ma sock. the ntersectio! ne a parabola terns that were observed on crystals bent at 25°C, 
| t therwise it » hy bola in ellipse The pat- and cleaved by reverse bending at 196°C, are 
; ; : nglv affected } Terer » crack shown in Figs. 2a and 2b. The first, Fig. 2a, consists 
; tis tT esult : herr patterns which of V-shaped lines similar to the parabolas of other 
the place of gin of the ain crack materials Fig. 2b shows a pattern that is the 
| 7 the irpose of tt paper to demonstrate the equivalent of Fig. la, consisting of faint background 
; . mect eavage step formation lines with a few higher step markings. Cleavage of 
, ntinuou ither than a discontinuou bent crystals at room temperature resulted in Figs 
, ‘ certair haracteristic step patterns 2c and 2d. Now, the cleavage step lines show a 
1 ‘ ed. and the strong effect of tons perature strong tendency to follow one of two perpendicular 
f how paths. In Fig. 2c (bent once), many of the cleavage 
step components that lie parallel to the bend axis 
ite J}. J. GILMAN, Junior Member AIME, is associated with Research are assembled into irregular lines. In Fig. 2d (bent 
wa a Laboratory, General Electric Co., Schenectady twice), the cleavage steps again tend to consist of 
Ty Discussion of this paper. TP 3997E, may be sent. 2 copies, to two perpendicular components, but neither of the 


= AIME by Jon. 1, 1956. Manuscript, Sept. 16, 1954. Philedelphic components is assembled into lines. Also, the step 
7 Meeting, October 1955 


¢ density is higher 
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Fig. 1—Micrographs show cleavage steps 
on specimens both undeformed or deformed 
by simple slip. X100. Area reduced ap- 
proximately 30 pct for reproduction 


o—Cleavage foce resulted b—This cleavage face resulted c—Cleavage face of zinc 
when as-grown zinc crystol when as-grown zinc crystol was crystal cleaved at 196°C 


was cleaved ot —196°C. cleaved at room temperature. with ~ 2.4 tensile glide strain; 
The arrow indicates the direc- the slip direction was vertical 
tion of crock motion The crack originated off the 


upper right-hand corner of 
the photograph 


o—Cleavage surfoce shown is that b—The cleavage surface c—Cleavage surface shown is that d—Cleavage surface shown is that 
of a crystal which wos bent at room and treatment were simi- of a crystal which was bent ot room of a crystal which wos bent, unbent, 
temperature and then cleaved by re- lar to those for the crys- temperature and then cleaved by and bent at room temperature; then 
verse bending at —196°C. The ro- tal shown in o, but a reverse bending at room tempera. it was cleaved at room temperature 
diws of curvature wos 22 mm. The different § crystol wos ture. The arrow indicotes the di- The arrow indicates the direction 
arrow indicates the direction of used. The radius of rection of crack motion of crock motion 

crock motion curvature wos 69 mm 


Fig. 2—Cleavage steps shown were observed on specimens deformed by bend gliding. The bed axis was vertical for all the figures and the 
close-pocked direction was horizontal. a, c, and d: X100; b: X50. Area reduced approximately 30 pct for reproduction 


Fig. 3 shows the myriad of steps found on the 


leavage plane of twin bands. The crystal () 0 


‘ 0°) had been loaded in tension. At 5.7 kg per 


it twinned and almost simultaneously cleaved 


through the twins Fig. 3—Cleavage steps on the 
Compression parallel to the cleavage planes also basa! planes of twins are shown 
produced an alteration n the step markings (Fig The crystal wos loaded in tension ' 


ot room temperoture it 


Th ompression resulted in a high density of 
The com} twinned and then cleaved on the 


tep lime as shown in the photograph and glenes the tole X100 
im re ased the crystal’s cleavage resistance Aree reduced epproximately 30 pct 
Torsional strain about the hexagonal axis caused tor reproduction 
no characteristic change in the cleavage steps of 


therwise undeformed crystals. It is not known, 


however, whether cleavage occurred along active 


ip pianes 


Figs. 5a and 5b show cleavage step patterns that 


formed at dimples produced by indentation normal that intersects a screw dislocation becomes jogged 

to the cleavage plane ‘hese specimens were cleaved and leaves a cleavage step behind it. It is believed 

immediately after indentation. Annealing prior to that a crack, upon contact crew dislocation 

cleavage (5 min at 350°C) markedly reduced the lying in a dimple, breaks up into segments lying on 

numbers of fine branches in the trees, although the various plan As the segmented crack move it 

jimples remained present (Fig. 5c) many elementary steps join together, forming larger ; 
An important result that may be deduced from steps until a few very large steps remain at the fas : 

Fig. 5 is that cleavage steps sometimes originate at side of the dimple. Probably only the larger step 

screw dislocations. Fig. 6 shows how a plane crack are visible 
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+ 
in 
o—Crystal with oa > il 
Fig. 4—Cleavage steps after com screw dislocation is 
pression poralie! to cleavage planes shown before cleov- 
ore shown The specimen was age starts a |. 
compressed ~ | pct poralle!l to the 
. arrow and the close-packed direc 
. tion. The stress wos ~ 10 kg per 
y tq mm, and the specimen wos 
cleaved at 196°C. The arrow in 
dicates the direction of crock mo 
tion. X100. Area reduced approx b-—Cleavage has be- 
mately 30 pct for reproductiun gun in the crystal 
The ftw elemer ter eld a highs 
te f the ele t have the same gn c—Lower portion of 
partia } it j A the crystal is shown 
H t entire atterr ed < 
— 
. Fig. 6—Three schematic diagrams illustrate the sequence in the 
production of a cleavage step when a crack crosses a screw dis 
location 
- ‘a piation of this analogy shows how the attraction 
rer between the cuts arises 
; ‘a : On the other hand, when two steps of the same 
gn unite in edge is eliminated Therefore 
ne won _ ittractive forces between two steps of the same sign 
‘ wa are »bably small, and they unite only when the 
. mo tart ! geometry of the advancing crack front causes them 
As tl tered the twisted to meet. Hence, in Fig. 1b, the steps run parallel 
pe dua large distances, whereas near the dimples of 
Fig. 5 the steps run together 
‘ ‘ iS we The effect of prest on step density (Fig. Ic) 
. va beleved to result f screw dislocations intro- 
har juced during the prestrain. The well known effects 
I na ! f estra ind temperature on fracture stress are 
believed to result in part from the effects of these 
va ible nm step densities The steps increase the 
. t faces art effective surface energy of a crack and thereby in- 
‘ t at aUse ease the stress needed to make it grow 
‘ 
Tw Summary 
toget! i ar Characteristic cleavage step patterns that are ob- 
tw ed ( ntem- t ed on the cle ivage surfaces of undeformed, 
je 
Fig. 5—Cleavage steps at the dimples 
caused by punching are shown. ao: X50 
b and c: X100. Area reduced approxi 
mately 30 pct for reproduction 
o-—Cleovage surface is thot of b—Cleavage surface and con- c—Cleavege surface is that of 
@ specimen punched normal to § ditions of treatment were simi @ crystol specimen punched 
the bese! plone and then ler to those for the crystal normal to the basal plane and 
cleaved at 196°C The er shown in o, but o different then heated 5 min ot 350°C. 
‘ row indicotes the direction of crystal wos used. The arrow and then cleaved ot —196°C 
crack motion imdicates the direction of crack The arrow indicotes the direc 
motion tion of crack motion 
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slipped, bent, twinned, corapressed, and indented 
zine crystals were presented. The effect of tempera- 
ture was also shown 

Dimples, in otherwise undeformed crystals, pro- 
duce cleavage steps in a treelike pattern. It is be- 
lieved that the steps originate when cracks inter- 
sect screw dislocations. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metals 
Branch Transactions, Vol. 206, 1956. 
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Manganese Modification of the Fe-S-O System 


DISCUSSION, C. B. Post and J. V. Russell, Chairmen 


John Chipman (Massachusetts Institute of Tech- 
nology, Cambridge, Mass After looking over the 
authors’ shoulders for several years and after muny 
discussions on the interesting diagrums of the types 
shown, it is a pleasure to see a formal paper pub- 
lished on this subject. There can be no doubt of the 
practical usefulness of the concepts shown. Inclusion 
formation in steel is such a highly complex matter that 
any system for understanding the subject is bound to 
be welcomed by those who must work with steels and 
who see in their day-to-day experience the good and 
evil effects of inclusions 

A feature of the work with which the discusser has 
been concerned, and which he would now like to at- 
tempt to explain, is the relation between the schematic 
diagrams which the authors use and the phase dia- 
grams for related systems. Obviously, the authors’ 
diagrams are in no sense complete phase diagrams 
However, there is a relation between this type of dia- 
gram and the true phase diagram, and the understand- 
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ing of this relation ought to help in understanding the 

general picture which the authors are presenting 
Consider the author Fig. 4, which shows the liqui- 

dus relations in the Fe-Mn-S-O system. Tc show the 


complete relations between temperatur and compsi 


tion in these four ternary systems would require four 
triangular prisn the vertical axe f which would 
represent temperature. The four triangles of Fig. 4 
represent basal projections of certain lines from the 
four prismatic phase diagram Readers of the paper 
are all more or le acquainted with this type of pro- 
jection and its usefuln and limitations are generally 


understood 
In order to concentrate on the interesting parts and 


to minimize the le interesting features, the composi- 
tion scale may be shifted to de-emphasize regions con- 
taining gaseous sulphur and oxygen. Such a diagram 

hown in Fig. 16, which is a distorted version of the 
authors’ Fig. 4. Here the oxide of iron wistite, de- 
noted by W. and it is to be noted that between W and 
MnO lies the entire MnO-FeO “binary ysterm. Sim- 


larly, between MnS and FeS lies another binary whose 
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- indoubtedly close to the manganese apex of the tetra- 
ome necron as the authors have pointed out. The others 
pe expected t be somewnat closer to the binary 
j eutect vnhicn are Known 
nese features upon the temporarily va- 
int triangie, imagine a point source of light at the 
a ¥ / pex of the tetrahedron and let it cast shadows on the 
’ P base. The investigator must select now from the mul- 
\ ty t sh vs those features in which he ji par- 
ticularly interested from the standpoint of the prob- 
= m in hand these out upon the 
basal triangle what the authors’ 
‘ ir il the central triangle 
i . f Fig. 17, slig ow the existence of 
fe. me re of the ternary eutectics, but otherwise iden- 
’ , tical with the authors’ Fig. 6 
: Nev A. Gokcen (Michigan College of Mir ng and 
1 Tec gu, Houghton, Mich Eq. 1 on p. 960 is an 
ipproximate form of the following relationship 
AF RTinN SH. +Tas, 4 
Fig 16—Diagram of the liquidus relations in the Fe-MnS-O where 3S SH. /T.. and therefor 
system ‘Fig 4) has been modified so thot regions containing 
gaseous sulphur and oxygen hove been de emphasized RT In N 45 
a Vhen the difference between T and 7 mall, the 
m the ving approximation, hence Eq valid 
Mov RTinN RT. InN 
‘ T lerab! iarger thar T for the case 
et ‘ MnS and 
4 ‘ Eq not pr ble 
x Phe Eqs. 2 at hould therefore be replaced 
t 4.575T log N 6 (T—205:i 6 
wide 4.575T log N 6 (T—1893 7 
y the ~ iitaneous solution of these equatior elds N 
t ).422 pet 1601°K 28 °( rather than the 
Fe-S-( itl i 40 pet and 1230°C, respectively 
, ‘ , It ild be emphasized that entropies of fu of 
4 the ame meta 
t ‘ t F example aS 46 for the om- 
: } xt tria ‘ pound FeO and 3.4 f FeS, aS 1.99 f ZnO and 
4.4 ZnS iS f Cut iT for ¢ 
oe I i the imption that the entropis f MnO and 
Mr at De t ‘ ig? ip; t for 
the ent pu A differ ‘ tu the 
plex f trope ould eld cor lerably different result 
‘ tive j or 
t i t tant source i erro! n the apr 
; , ee , t f Eq. 4 however, the deviation fron eal he 
oO It ithe possible to expect idealit 
the nit N 05 eutectK yste! It can be 
i] jlat n that f each ompor uta de 
the ot er f unit 
iy ild hange the ‘ fect te peratul 
100" 
Actual] thers neces ase for ich 
calculations by the apr tion of equation whic} 
»” t xpected t i re apie re ilt thy absence f 
thermodynamik lata nee Ar irew Maddox K and 
/ Fowler” have obtained a phase diagram for the MnO- 
NA y pet a 1280°C. Thus, the authors’ preference of their 
ect ca ilatior of the eutectic point over the 
expe et a $s without jus- 


ontribution to 


vard clarification of the rather complex visualization 

process t which Fig. 6 may be obta ned. With certain 

vat Sg odifi r the authors derived Fig. 6 very much as 
he Nas | 

“a ¢ It agreed that there are four ternary eutectics in 

4 this svsten name] ] metal-oxide MnS 2 metal 


xide-FeS,. 3 metal-MnS FeS and 4 oxide MnS FeS 
’ Fig. 17—Schemotic Fe(Mn)-S-O diagram has been slightly Or three of these are shown in Fig. 4 and in Dr 


' moditied to show the existence of one more of the ternary Chipman’s Fig. 16. The fourth, the oxide-MnS-FeS eu 


eutectes tectic, les in the plane through the MnO-FeO-FeS-MnS 
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D. C. Hilty ithor ré The n- 
} in 


points of the tetrahedron formed by folding the ex- 
ternal triangles of Fig. 4 along the edges of the inter- 
nal triangle. In Fig. 6 and Dr. Chipman’s Fig. 17, there- 
fore, it will fall on the oxide-sulphide side of the metal- 
oxide-sulphide diagram. Since it is not encountered in 
compositions in equilibrium with metal, its presence 
has not been indicated. In reality, the broken line in- 
itiating from the oxide-sulphide side of the internal 
triangle in Fig. 17 represents this eutectic. Conse- 
quently, the eutectic suggested by the intersection of 
the broken lines in this triangle is actually the qua- 
ternary eutectic. Obviously, the difficulties of repre- 
senting this quaternary eutectic so that it can be read- 
ily visualized are manifold 

N. A. Gokcen is correct with regard to the specific 
applicability of Eq. 1 in relation to the one he proposes 
As was pointed out in the paper, however, and as has 


been re-emphasized by Gokcen, the other uncertainties 
involved are such that either calculation gives merely 
a rough approximation of the MnS-MnO eutectic. For 
the authors’ purpose, on the other hand, a rough ap- 
proximation is entirely adequate for development of 
the qualitative diagram and the different results of the 
two calculations are relatively unimportant in that 
they cause no significant change in the qualitative dia- 
grams of Figs. 3, 4, and 6. It is enough that the uncer- 
tain diagram of Andrew, Maddocks, and Fowler, Gok- 
cen’s equation, and the authors’ approximation give 
order of magnitude agreement on this minor point 


S. Glasstone: The dy? sf Che sts 1947) p. 340. New 
York. D. Van Nos i 
Ross et Se te ies Che The 
Prope es. ( N Bureau of Standards 95 
K.K. Ke He fl Subst ‘ Bulle 
99 US Der Inte Bure { Mines (1936 


Slag-Metal-Graphite Reactions and the Activity of Silica in 


Lime-Alumina-Silica Slags 


DISCUSSION, Gerhard Derge and John F. Elliott 


Chairmen 


R. C. Shnay (Dept. of Mines and Technical Surveys 
Ottawa, Ont., Canada The statistical methods used 

Prof. Chipman and Dr. Fulton to estimate the ac- 
curacy of their chemical analysis results, p. 1138, ap- 
pear open to question. The definition of standard de- 


viation is given by the authors as 


zx) 


where 2, is the differences between pairs, x is the 
number of pairs. This 


average difference, and n is the 


jefinition should actually be given as 


where , is the mean of the whole population and N 
the total number of individuals in the population 
The standard deviation is a population 
population mean must be 
this parameter. This is very seldom possible, since the 
whole population must be measured before the mean ,4 
Therefore, in order to compute 


nputed 
intervals or test hypotheses, the function 


parameter 


and the known to compute 


can be cr con- 


fidence 


must be used 
In this case 


In turn an estimate 


uw is replaced by its estimate z and s is 

of the standard deviation 

The difference between population parameters and 
lated from samples can best be 


the estimates calcu 


height » of all men in North 
America, all the men could be measured. Since this is 
ample, e.g. 1000 men, could 
be measured. The average height x of the 1000 in this 
sample can then be used to estimate the average height 
of the male population of North America. The stand- 
f this population, if desired, can be es- 


obviously impractic al, a 


ard deviation 
timated by means of the quantity 
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where x, is the height of the individuals in the 
1000 
paper under discussion, the 


t of the di 


sample 
and n is the sample size 
In the 


be said to cons 


population could 
ferences between all possible 
pairs that can be taken from the material. If all the 
possible pairs had been taken and analyzed, the 
iry information would be obtained and the 
would not need to be estimated by means 
Obviously. this could not be 
j sample of the 


intervals are 


neces 
accuracy 
of confidence 
done and the 
population 
computed fron imples in 
involved in 
To define a con 
a normally distributed 
population, the following quantity is used 


pairs are really a whok 

Confidence 
order to define the degree of uncertainty, 
the estimate of the population mean 
hdence f 


interval for the mean ofl 


Student's t dis 


quantity is distributed by the 
T ibstituted for t 


tior The tabulated value are 


leaving » the only unknown. For example, a 90 pct 
confidence interval is defined by 
r) r) 
r t t 
] nin 


Since the accuracy of the mean (as an esti- 
with the sam 


approaches the 


sample 
population mear ncreases 


ple size, the t distribution 


mate of the 


normal dis- 


tribution as the samples ze approaches infinity. In 
other wo for tablk f the normal distribution to be 
used in fining a confidence interval, a very large 
sample must be taken. In the paper under discussion 


the authors have used tables of the normal distribu- 
tion. The factor two which was used to multiply the 
quantity » (as defined in the paper) is too small. The 
error in this case greatest when only a small num- 
ber of pairs were taken 

The aggregate effect of these errors is all in one 
direction. The estimates of error are too low Even 
had the statistical anal been carried out correctly 


f only for master 
slags or where the first value appeared to be in error 1 
questionable. It is difficult to justify any general con- 
clusions on this ba 

Since all the necessary data do not appear to have 
revised values for the confidence intervals 
eems doubtful 


the procedure luplicates 


been given 


cannot be compute d In any case it 
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hw 
* 
= 
zx 
_ yar s(x, xr)? 
\/N nin 1) 
Thi . 
tril 
z)* 
n 1 


n this discussion ‘nvaldat ) the universe mean using an estimate of « of the 
based upon sample values. This approach t 


tior ed in Ll I 
hed by the author How- niverse to 
the problem is usual procedure when it is desirable to 
However, in 


ve g » bette lea of the extent of pling or work with confidence limits on the mean 
ar ‘ r and thu f the pre or f the ex the authors’ paper, an attempt was made to set tol- 
periment a whole erance limits on the population, which is a problem in 
James C. Fulton and John Chipman thors’ reply : es rather than mean values 
f Mi hnay has focused attentior n the statistical } X shows a tabulation of data for the terms 
‘ ethods used by the author First, it should be point- I 2¢ for individual values and z+ t for mean 
‘ gray error in value The value of x + 2e were calculated Dy the 
nu pat e cen method outlined on p. 1139 of the paper. The values 
7 epeated 5 | or e pape P 
Vi j ryt 
I Siz r) 
M sggested that nfidence { = 2 
1) ni? l 
I le that 


x 2c and « > ts 
sested by Mr. Shnay. It is the use of x + 2 


6 na been que tioned 
Mean #5 Pet It is quite unlikely that the individual differences are 
Ne of Ditter ( onfidence 
Vartable Pairs ence sample Interval or ributed A histogram of 94 sar 
SiO a skew parent population. Under these 
54 onditions, a different function should be applied. Suct 
ry . efine ent of the tatistical analvsis would be bevond 
‘ ‘ . the cope of the pape! However assuming that the 
parent population has a unimodai distr bution as sug 
: gested by the histogram, an inequality of the Camry 
Meidell t could be used 


ithe w i exa nation with regard to existence 
ta} neo ortic cnal ter- 
he va xide phase rigorou - 
. ypical and chemical evidence wit! 
} the entire ange not presente 
. . VIII. The aut have neve bserved Cr,O, in slag 
i pie ct ed ir irgor tream by contending that the 
that gon atmosphere as oxidizing for the slag. If argon 
ti xidizing, it could have been purified, or a 
nie ig mple could have been taken to 
fr oxidation. The resulting slag sampl 
P re all vould then have provided evi- 
lence whether « t the formula Cr,O, fits its compo- 
4 Accordingly, the existence of Cr,O aimed to 
table at high temperature equire further con- 
t j ‘ 
f . i e expe ental investigatior 
i ‘ exa | 
, , 1 It eported on pp. 260 and 261 that 1 to 2 hr after 
Oa xt 1a g x ina cnr it certain four runs 
chat elde exce vely irregular results nr ir to the 
ark nme piotted Fig. 1 Tt va attr ited i Vague 
ase f WA te Ff iit r ana the four rur were therefore omitted art 
ce n ti tra Table VI. The ter extra-equilibriun 
Thus. the ir foreign to thermodynam« ind must simply be re 
‘ ‘ the ected The questior then a t whict et of 
ntrat ‘ their data tru epresents equilibrium conditions 1 
the absence f exper ental evidence 
" pet t The establis! ent of dip and breaks n Fig 12 
Met) te it pstit j ia require mata with it thar +3 pect scattering 
tt ‘ It whic npo ble to attain in high temperature re 
& . , ‘ ‘ that the ea at present. Certainly the data semilogarithn 
‘ ; t tit w the i represented in Fig 0. even after rejecting the 
atu t t tit not extra equilibr im runs several 
present wit ; } { nsequent the ntentior t ‘ nore thar 3 pet and therefore do not ustifv 
phas< nd their the dips and break Further, it is necessary that or 
t i t? t t be the dotted ine which are the loci of breaks in the 
ve at fu spr thermal eq lines, two slag phases ust be 
on neq br wit? meta This was not estat 
I ited q tative lished t the exa nation of slag samples 
tior f the pre Finally nterpretation f data presented herein is 
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Oxygen Solubility and Oxide Phases in the Fe-Cr-O System 


entirely in disagreement with the more careful investi- 
gation of Chen and Chipman 

J. C. Fulton (Allegheny Ludlum Stee! Corp., Brack- 
enridge, Pa.)—-The authors are to be congratulated on 
their exhaustive study and lucid discussion of the Fe- 
Cr-O system. These data resolve some of the questions 
that remained unanswered from previous investiga- 
tions of this subject. X-ray measurement of oxide 
structures and the construction of a phase diagram 
help to establish a fundamental background with 
which stainless steel producers can apply these solu- 
bility data to steelmaking problems 

The identification of a distorted spinel and Cr,O 
should abbreviate much of the work in evaluating in- 
clusions found in commercially pure chromium alloys 
It would appear that the characteristic metallic par- 
ticles formed upon disproportionation of Cr,O, could 
be used for routine identification of this particular 
type of inclusion 

The chronological outline of the paper was used to 


due to supersaturation with oxygen. Mere mentioning 
of this observation could not have brought out their 
point nearly as well as does Fig. 13 on p. 265. These 
results emphasize the important role of temperature 
in controlling oxygen content 

An interesting commercial application of these data 
is readily visualized for straight chromium steels con- 
taining more than 10 pct Cr, the minimum in the oxy 
gen solubility curves. At chromium concentrations 


above this value, iron acts as a deoxidizer, as was 
mentioned in connection with Fig. 14. A means of tak 
ing advantage of this result is to adjust the chromium 
content of the bath, so that at the end of the slag 
reduction period it contains somewhat less than the 
desired tap analysis. That is, for a final analysis of 17 
pet (type 430), the preliminary should be 12 to 14 pct 
In this way, the oxygen activity will be maintained at 


level and the oxygen solubility at a lower 


eduction period than as if all 
chromium were initially present. These two factors 
should improve the elimination of oxygen from the 


level throughout the r 
} 


bath during the reduction period 
A further advantage of this procedure is that the late 


addition of chromium to meet the specification acts a 


cooling 


in the presence of the proper concentration of manga- 


a cooling agent late in the melting cyclk 
nese and silicon aids in the formation of fluid deoxida 
tion products which can coalesce into large enough 
particle size to rise to the slag 

As with most modifications of melting practices, 
when certain features are stressed too heavily, other 
compensating factors appear. There is a tendency for 
furnace time to increase and, of course, much of the 
success of the process depends upon the cleanliness of 
the late ferroalloy addition 

Allegheny Ludlum has found that this procedure 
leads to better strip surface with respect to lines pro 
duced by inclusions in the steel breaking through the 
surface when rolling to thin sections. The use of the 


minary procedure has shown an 


low chromium prelimi 
improvement on not only straight chromium but also 
Cr-Ni steels. With the variation in facilities and end 
juct that exists between shops, this practice would 
necessarily require evaluation prior to its adoption 
Cc. E. Sims (Battelle Memorial Institute, Columbu 


O} This excellent work, painstakingly done, ad- 
vances the understanding of oxygen relations to mol 
ten ferrous alloys another step. Of particular interest 

the oxide phases found to be in equilibrium with the 
molten Fe-Cr alloys. Previously, there was consider 
able circumstantial evidence to indicate that the lower 
oxygen oxides are the likely phases to be in equilib- 
rium with molten metals, but concrete evidence was 


lacking except for a few cases. It is known, for in- 
tance, that wulstite is in equilibrium with oxygen 
yiten iron and it is the oxide phase which 
rom iron. During cooling it tends to dis- 
into iron and Fe,O, 
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The close proximity of a refractory oxide with a 
molten alloy does not guarantee equilibrium even after 
some period without change. An Fe-Cr alloy melted in 
a crucible of Cr.O,, for example, may not actually con- 
tact the Cr,O, but be separated by a thin layer of lower 
oxide which is in equilibrium with the metal. The 
scale on heated iron is mostly Fe,O,, but on the outside, 
in contact with air, there is a thin layer of Fes), while 
inside where it contacts the base is a layer o/ wiistite 
On the other hand, it seems axiomatic that a material 
precipitated from solution is in equilibrium with the 
solution at the precipitation instant. The precipitated 
phase, of course, may be unstable and change later 

The evidence is convincing that the oxide in equilib 
rium with the Fe-Cr-O system of high chromium con 
tent is Cr,O,. If this be so and the analogy of the Fe-O 
system is considered, might there be a similar condi 
tion in other systems such as the Fe-Si-O and Fe-Al-O 
systems, if these are inspected closely enough? 

D. C. Hilty, W. D. Forgeng, and R. L. Folkman 
(authors’ reply)—The authors are compelled to dis- 
agree categorically with most of Professor Gokcen's 
comments. With regard to his concluding statement 
that the interpretation of the data is in entire dis 
agreement with the earlier investigation of Chen and 
Chipman, reference should be made to oral comments 
by Prof. Chipman at the time this paper was presented 
and to Professor Chipman’'s recent publication” in 
which he took the opportunity to re-examine the Chen 
and Chipman work and bring it into complete accord 
with the present authors’ results 

The method employed to identify the oxide phases 
in equilibrium with the metal at the time solidifica 
tion began has become normal procedure in high 
temperature phase-equilibria studies. It has been de 
scribed by Howe” and Tammann” among others and 
has been successfully applied by numerous investiga 
tors both in this country and abroad. Short of direct 
observation at the high temperatures involved, it seems 
entirely logical to have recourse to this well known 
technique of microscopic examination of specimens 
rapidly cooled from those temperatures. While admit 
tedly indirect, the information derived by such a tech- 
nique has proved indispensable in establishing the 
upper regions of phase diagrams which otherwise can 
be estimated only on the basis of thermodynamic cal 
culations predicated on purely arbitrary assumptions 
of the phases present 

The breaks in the oxygen solubility curves were 
confirmed by the observations of different nonmetallic 
phases on either side of the breaks. The curves cannot 
be constructed in any other way without compromis 
ing the data 

With respect to the statement, “the authors have 


never observed Cr,O, in slag samp) they have 
in fact, made numerou observation of the presence 
of Cr,O, in slags from high chromium melts and regret 


that the contrary was erroneously inferred 


SO, . 
680° 
«'600° 
«1880% 
x . 
z 
060; 
* 
040 
4 


Fig. 20—Curves and data points show chromium and silicon 
contents of liquid Fe-Cr-Si alloys in the presence of both 
chromium oxide slags and silico 
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WITH SiO, 
‘ 
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Fig. 21—Diogram shows the effect of sufficient silicon to pro 
duce saturation with silica on the oxygen solubility in the 
Fe-Cr-O system 


Dr. Fulton's remarks on this paper are most gratify- 
ing. The authors are especially pleased that immediate 
commercial application of their data was forthcoming 
, t, however, that practical application of 
hese fundamental results to the production of stain- 
le teels be approached cautiously. The data should 
be directly applicable at the end of the oxidizing pe- 
riod in stainless steel heats, but other elements, such 


They sugges 


a licon, manganese, etc., that are normally present 
juring the slag reduction and finishing stages may fur- 
ther complicate matters, especially with regard to in- 
ijuation 
An indication of the influence of silicon is given by 


Figs. 20 and 21, derived from observations of Fe-Cr-O 


illoys melted in silica crucibles. Fig. 20 shows the 

romium and silicon contents of liquid metal satu 
ited with both chromium oxide-rich slag and silica, 
and Fig. 21 illustrates a preliminary evaluation of the 
effect of these conditions on oxygen solubility. It can 
be inferred from these diagrams that silicon may sub- 


tantially modify the composition and structure of the 
xide phases—and therefore the inclusions—but the 


pecif ature of such modification must be established 
t xt ve G ‘ The aut! thank Mr. Sims for his interest and his 
lisa helpf ymmment. Coming from one who has had a 
t enta ference interest in this and similar problems for so 
the respe the f ears, his remarks are especially significant. The 
e i question of conditions analogous to those the authors 
ave described in the paper existing in other systems 
t ‘ e the sta f ich as Fe-Si-O and Fe-Al-O is an interesting one upon 
tant ‘ tre which to speculate. Certainly the understanding of 
f the 5 ‘ t ent I t e systems is incomplete, and the existence of such 
t do« t ig onditior would he Ip to explain some of the anom- 
t t ca " behavior frequently observed. Since the authors 
‘ : in do no more than speculate on this possibility, how- 
the f ‘ they will reserve judgment until tangible evi- 
leveloped 
t \ Molte Stee 
‘ H I x ¢ 
te T 192 t 
Di ctive Meta ivision” 
iscussion — Extractive Metallurgy Divisi 
\ ‘ 
M j t nS f t pape Law McCabe. JouRNA 
Meta Sey ‘ 54, p. 969 1260 
I S pape T. Simr G. Derge, and I. George. JOURNAL oF 
f 1261 
Equilibrium Pressure Measurements Above ZnS from 680 to 825 C 
DISCUSSION, T. B. King and H. H. Ke 7. Chairme Poges, England As pointed out by the author, any 
Philipp Gross (Fulmer Research Institute Ltd., Stoke etter agreement between experimental and calculated 
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values cannot possibly be expected; the results must 
therefore be interpreted as practically complete disso- 

ciation of ZnS vapor 
In the experiments with graphite addition, the reac- 
tion rate low to give any effects. If reaction of 
any sulphide with added graphite occurs, effusion ex- 
periments can be interpreted only if equilibrium inside 
In this case, the weight 
changed by graphite addition. In the 
evaporation, the vapor pressure is not af- 
fected; but by the establishment of the heterogeneous 
between solid metal sulphide and graphite 
formation and evaporation of metal and sul- 
phide will occur and increase the weight loss. In the 
if sulphide dissociation, the apparent evaporation 
repressed by the metal vapor resulting from the 
owing to this reaction, the 


was too 


the vessel is established loss 
will always be 


case of true 


carbon 


f 


reaction with graphite but 


weight loss 


te will increase. If, however, two solid 
ides are used simultaneously, of which one or 
I io not ssociate, the result for each of the effus- 


ing metal sulphides is independent of the presence o 


the other and the total weight loss equals the sum of 
the single values. If the sulphides both dissociate, they 
nfluence each other. the total weight loss being smaller 
than the sum of the single values, and if one of the 


sulphides has a decidedly greater dissociation pressure 
than the other, it very much depresses effusion of the 
latter 

Experiments in which the effused vapor is absorbed 
or condensed and analysed are much more likely to 
have decisive results than simple weight loss experi- 
ments. In every particular case, the effect can easily 
be calculated on exactly the same basis which the dis- 
cusser adopted for the calculation of the 
pressure of ZnS, i.e., thermodynamic equilibrium 
the effusion vessel in which the gas mixture is 
eral, not of stoichiometri and 
from the vessel in proportions 


dissociation 
inside 
in gen 
composition effusion 


stoichiometric 


Note np. 971 of the pape te liscussion, Dr Philipp G 
was misspelled 
C. Law McCabe (author's repl The remarks by 


Dr. Gross are correct. His suggestion to study the effu 
sion rate of two solid sulphides together and to com- 
pare it to the effusion rate for each individ- 
ual sulphide has and should be tried. The us 
of carbon as an aid to species determination is limited 


sum of the 


merit 


lonic Nature of Liquid lron-Silicate Slags 


DISCUSSION, R. Schuhmann 


Chairmen 


Jr. and D. J. Girardi 


Dr. W. A. uxr-Planck-Institut, Dusseldorf 
Ger? ny The dis« ith great interest 


I usser Nas reac W 
the paper by Simnad, Derge, and George. Ina 


eir conclusions agree quite well with those of F 
Sauerwald and G. Neuendorff in 1925" and those of 
W. Geller n 1940, the authors’ attention 1 alled to 


these earlier papers 
Tryggve Baak (Royal Institute of Technology, Stock- 


hou Sweder The author are t be congratulated 
for having tackled such a difficult work as measure 

ments of current efficiency in melts of the FeO-Si0 
system. The method used is extrer practical and 


applied to other silicate melts 
to call attention to a paper 


can without doubt be 
usser would 
by Esin and Schurygin”™ who have 
em and have found values ir 
paper The only 

iron oxide melts 


ip to 33 pet cu 


worked on the same 
agreement with those 
is related 


where values 


significant difference 
FeO Fe 


rrent efficiency have been reached 


oO pure 


In a study of the degree of ionic conductance in fay 
alite melt the discusser has found 98 pct ionic con- 
juctance which can, in practice, be put equal to 100 
pet nce in the computations the iron has been con- 

jered as ferrous 


cerning the me: 


ry he 

it must be « phasized 
‘ 


surements of transport numbers 
however, that the 
transport numbers. The 
re referred to an analogous experi- 


method used 
will not give reason is obvious 


authors a 


nent, which was performed by Schwartz™ who was 
ible to show that it is impossible to determine trans- 
port numbers in ionic melts in this way. Furthermore, 


and stated that, in melts 
unlike solids and liquid so- 
f reference to which changes in 
After electroly there 
changes due to the existence of 
transference numbers, differing for the different types 
of ions. If a frame of refe introduced, artifi- 
by the choice of suitable electrodes, the apparent 
transport numbers are directly influenced, the numbers 
being calculated with respect to this frame of reference 

To this must be added that under special circum- 
possible to create a frame of 
material being used is Co,SiO, and 


Jost™ discussed this problen 
of this type 


any frame 


there are not 
lution 
concentration can be referred 


are no observable 


rence is 


reference 


a small 


stances 1 1s 
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not only by the point brought out in the paper, the 
slow rate of formation of the appropriate carbon sul- 
phide, but also by the point raised by Dr. Gross 

quantity of CoO is added, then the oxide can be used 
as a frame of reference. Of course, this method may be 


applied 
This 


are the 


other orthosilicates 


no way deny that the Fe 


main carrier of the current 


GISCUSSION Will In 


ions 
which can be con- 
cluded already, fron 


of the 


a geometric because 
sizes of the ion It 
sion only draw attention to 
able work 
M. Simnad, G. Derge, and L. George (author: 
The work re ported in the 
Dr. Fischer 
igree with the 
Dr. Baak has raised several interesting points. It is 
satisfying to learn that his results on the degree of 
t fayalite melts confirm the high 
which the authors have observed 
transport number 


point of view 
ntended that the discus- 
some minor points in a 
very 
reply) 
two papers referred to by 
but the 


extensive conclusions 


author 


was not very 


onic conductance n 
degree of ionization 
His con 
would 


anodic 


ments on the measurements 
melt where the 


that of the 


favalite 
corresponds to 
namely 


been valid for a 
ition 2FeO-SiO 
reaction product 


nave 


SiO. 4e ~ SiO. « O 
Si0 2FeO ~ 2FeO-SiO, (fayalite) 

In the authors’ experiments on transport number 
measurement the melt was always aturated with 
silica at 1400°C and had a composition of 60 pct FeO 
and 40 pct SiO,, whereas the FeO content of fayalite is 
70 pet. Hence, FeO can be used as a frame of refer- 
ence, just as Dr Jaak has skillfully used CoO in 
2CoO-SiO, for the same purpose. Additional experi- 
ments are in progress in order to demonstrate this 
more conclusivel\ 

The authors have also measured the mobility of Fe 
ions in these melts by employing radioactive iron 


anodes 


The results prove quit 


ions migrate with a high 


lefinitely that the Fe 


mobility 


Seu " G. Meus Ztect ‘ 
643 
W. Gelle Ztes , ‘ 1940) 44. p. 277 
954) 45 
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Effect of the Structure of Dislocation Boundaries on Yield Strength 
P. L. Pratt ‘ jy of Bir y} Birr gham m, discussed in the earlier paper,” is believed to ac- 
I t the ‘k ount for the thermal hardening observed by Blank 
Tect it at ur n NaCl, as stated elsewhere,” and by results from re- 
K i i i es that cent experiments which tend to confirm this view 
t ‘ it 2—The dislocations in the diffuse boundary may be 
T t t g? ere are «ked by impurity atoms at 300°C and thus only 
t t ‘ ay be arpen the boundary at 400°C with the aid of thermal 
{ ur oO ut tat vacancies. In this case it would be difficult to dis- 
t , t 30 tinguish between the two sources of hardening (sharp- 
erat t ening or jogging), using metal of this purity 
0 t : t I the Jack Washburn (author's reply)-——-The author wishes 
t t wit ‘ to thank Dr. Pratt for his discussion. In connection with 
t | I 4 Parker first comment, it should be pointed out that the 
! t | t j not temperature of testing in the present series of experi- 
: t I ents wa 196°C, whereas, in the earlier experiments 
) ta the al he referred to,” it was 20°C. Therefore, the yield values 
t kK hould not be directly compared. It is likely that the 
t , t } p. how crystals used in the present work were initially more 
i oft ge at perfect macroscopically than the large shear specimens 
400 at urd fect ised previously. The small size of 
) at KINK specimens made it possible t 
hart 00"« ge crystals, fro which they 
. . ‘ I te be were free of observable small 
‘ harpening of a microscopically 
t as that in Fig. 15 begins in zinc j 
temperature w 40% . g low 300°C. However, it is probably not justified to con- 
elena oad The = £0 tenet ¢ te clude that because a boundary looks sharp under the 
native ex, tior A ess set microscope it has attained the ideal structure The 
ot author agrees with Dr. Pratt that jogging of disloca- 
rhe ever tion lines is one of the structural features of a small 
ite great ingle boundary that should be important in determin- 
to the harae ge ng its strengthening effect. More detailed information 
other impurity aton ifter 400°C anneal. T mechan- oncerning the changes in boundary structure as a 
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function of annealing time and temperature is neces- 
sary before it wil! be possible to say what structural 
change is most important. 


Blank: Ztech. fir Physik (1930) 51, p. T27 
R. W. Cahn: Ref. 22. Supplemento al Nuovo Cimento (1953) 19, 
p. 359 


Stress-Strain Characteristics and Slip-Band Formation in Metal Crystals: 
Effect of Crystal Orientation 


Dy 


DISCUSSION, W. A. Backofen and W. M. Baldwin, 


Chairmen 


Bernard Jaoul (Centre de Recherches Métallurgi- 
ques, Ecole des Mines, Paris, France)—Experiments on 
single crystals of aluminum (99.99 pct purity) and 
aluminum alloys (0.2 pct Si or 0.4 or 1.0 pet Cu) of 
varying orientation lead to the following results which 
are slightly different from these presented by Dr. Rosi 

1—All the stress-strain curves, including the curves 
obtained with those crystals which have their axes on 
the zone 100)}-f111 or close to the 100} or 111} 
directions, have a first plastic stage where concavity is 
turned upward. However, the extent of stage I becomes 
very small when two slip systems occur; see Fig. 24. It 
must be noted that a very small amount of deformation 
during the handling of the specimens makes the easy 
glide disappear if this easy glide is limited 

2—A continuous photographic recording of the 
curves permits a very fine observation of their shape 
Fig. 25 shows that the curves could be separated into 
two types from their behavior patterns at the beginning 
of straining. These types are: A—curves showing a 
yield point even in pure aluminum, a type of behavior 
that is general for the crystals that are strained with- 
out kink bands; and B—curves showing no yield point 
a behavior that occurs when the glide is only on one 
plane and when kink bands occur. This type of curve 
becomes very rare when the aluminum is alloyed 

3—With aluminum, a parabolic hardening but no 
linear strain hardening occurred after the easy glide 
The inflection point was taken as the limit of stage I 
This limit is always at the same shear stress (Fig. 24) 
but the strain varies within very large limits, 
from 1.4 to 8 pet in pure aluminum. This variation de- 
pends only on the importance of the second slip system 
or of bands of secondary slip. Qualitative observations 
of the deformation microstructure seem to show that 
the relative importance of the two slip systems remains 
constant during the straining. For the orientations 
where kink bands occur—close to [110 the initial 
shape of the curves seems to indicate that these kink 
bands are formed at the beginning of deformation 

4—As in silver and copper, the impurities in alumi- 
num increase stage I by a large amount. This is shown 
in Table VIII where the values are within an accuracy 
for ~ and +30 g per sq mm for 
anomalies, especially near [111] 


shear 


f +10 g per sq mn 
t, except for some 
and [100 

5—The uniform shape of the curve that was obtained 
leads to the following considerations: The increase of 
hardening seems to be related only to the importance 
of the second slip system and, thus, to the number of 


Table Vill. Doto on the Shear Stress vs Sheor Strain Curves 
G 
per Sq Mm per Sq Mm Pet 
99 99 pct A 85 250 40 5.0 
2 pct a0 6380 6 10.2 
210 680 20 
‘ pet ( 390 1220 3 205 
at © 
he ss at the inflect point averaged over na 
© she r extent of stage I) f mmor lenta 
42 44 
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intersecting dislocations forming jogs or sessile disloca- 
tions. These faults in the structure can stop the prog- 
ress of the dislocation loops from the sources. The 
number of such barriers should increase with deforma- 
tion; and the faster the increase, the greater becomes 
the importance of the second system. With such an 
hypothesis, the shape of stage I of the shear stress (1) 
vs shear strain (7) curve can be represented by a uni- 
form logarithmic formula 


where C is the work hardening in stage I (C % Tt) 

This relation fits the experimental results very well, 
whatever may be the orientation of the crystal 

Then Schmid and Boas’ law can be extended to the 
plastic range in the following way: The shear stress 
corresponding to a given fraction of the shear strain 
at the inflection points is independent of the orienta- 
tion, except for the crystals near [111] or [100 

6—This relation is valid up to a critical shear stress 
t, where the internal stresses are such that the disloca- 
tions can proceed across the barriers. This critical 
shear stress is much smaller in aluminum than in cop- 
per and silver, as can be seen by comparing Dr. Rosi’s 
curves and those in Fig. 24. The smaller critical shear 
stress for aluminum may be due to the fact that the 
barriers are less stable in aluminum.” 

The mechanism at the end of stage I does not in 
clude a phenomenon of diffusion of impurities. Al-0.4 
pct Cu specimens were strained at various rates (from 
0.005 to 50 pet per min). The yield point was changed 
but the value of the shear stress t, remained the same 
T% 680+10 g per sq mm. This leads to the belief that 
the microstructure of deformation has to change with 
purity—the number of barriers has to be smaller when 
the metal is less pure, Perhaps the amount of fine slip 
seen by D. Kuhlmann Wilsdorf on pure aluminum is 
smaller when the amount of impurities increases, so 
that the number of barriers decreases 

A comparable mechanism has been found in poly 
because partly hidden 


crystals,” but it is less clear 


Fig 24 — Plot of 

shear stress vs * 

shear stroin curves 

for 99.99 pct Al 
shows the shape of Ohh, 

the curves and lo- 

cation of the in- ; 

flection point 


- 


Fig. 25 — Recorded 
stress-strain Curves 
for 99.99 pct Al hove 
been reproduced to 
show the two types 
o—those with a yield 
point and b—those 
without a yield point 
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n polycrystals, something breaks down within the metal 
which allows the deformation to proceed, using a 
smaller rate of hardening. It seems that the pheno- 
nenon is the same as in single crystals 
A. Seeger and G. S k: A ) 953) 1, No. 5 
“C. Crussard and B. Jaoul: Réwue de M 950) 47, N 
a oy 
= 3 Pu - 
4 4) N 9 


Viscosity and Density of Liquid Lead-Tin and Antimony-Cadmium Alloys 


ening due to boundaries. However, from 2 
t ft 1s change of curvature has been 
I iin « increase when the 
t of : as im the n r 
r 
e at neentratior For the train « 
DISC SION, Howard Scott and Paul Gordon 


Paul G. Bastien and M. Darmony (Ecole Centrale de 


Fig 
the 
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The ‘ I ity by means of 
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a ture in the 

nt if esults of 
irdt and his re 

nf the 

at 

think, along with 

from the linear rule 

the test irr purities 

t et 

Fisher and Phillips 

tlett.” For the former 

ippreciable variation 

t of j t except, perhaps, to 1°¢ 
juidu as, for the latter authors, 
ximmu! ty for the ame concentra- 


18—Diegrom shows thet castobility vories inversely with 
interval of solidification for antimony and lead 
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Fig. 19—Castability-composition curves of Portevin and Bastien 
tor the Sb-Cd system show thot there is little interdependence 
between viscosity and castobility when compared with the 
viscosity-composition curves of Fisher and Phillips 


tion. Accordingly, it seems that it now too eariy to 
jecide in favor of the rule relating the viscosity of an 


s equilibrium diagran 

The authors of the paper gave the results of experi- 
ments carried on at 1°C above the liquidus Therefore, 
this supposes a good knowledge of the curves of the 
equilibrium diagram to an accuracy of about 1°C. The 


iscussers would be particularly interested to know if 


alloy and i 


the authors have recently plotted, with a better ac- 
curacy, the equilibrium diagram of the material 
studied; and, in this case, they would be very grateful 
to have an estimate of the precision of their methods 
of plotting 
Viscosity and Castability: The influence of the com- 
position on the viscosity allows a useful comparison be- 
tween the viscosity » as an elementary physical prop- 
erty and the castability 4 which is a complex property 
of foundry, depending 
factors (factors depending on the metal, factors relat- 
ing to the mold and the ccntact between the mold and 
the casting, factors \lefining the casting conditions, et 
One of the discussers after systematic study witl 
Portevin, has established the rules that relate the cast 


ability to the equilibrium diagr He concluded that 


too, on other elementary 


4 


castability varied inversely with the interval of solid: 

fication, shown in Fig. 18, and he thought that the 
ibility was nearly independent of viscosit 

comparison between the scosity-composition 


curves shown by Fisher and Phillips and the cast 
ability-composition curves of Portevin and Bastien for 
the Sb-Cd system, Fig. 19, shows that there is littl 
interdependence between viscosity and castability 

In the particular case of the compound SbCd, a maxi- 
mum of » would be accompanied 
mum of A, if the castability was principally dependent 


logically Dy mini 
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| 
| 
~ 
| 
‘ 
5 
| 


yn y, which is not true. On the contrary, Fig. 19 shows 
that a very pronounced maximum of castability corres- 
ponds to this definite compound 
Therefore, it is not possible to explain the sudden in- 
crease of castability near the eutectic and the definite 
compound as a function of viscosity 
H. J. Fisher and A. Phillips (authors’ reply)—The 
precision of the potentiometer used in determining the 
liquidus temperature was 0.1 uv. The degree of uncer- 
ibrated Pt—Pt-Rh thermocouple used 
hin the order of +0.5°C. U. S. Bureau of 
is « ym metals were checked to within 
-0.2°C of their rated melting points 
the physical properties of liquid metals and 


he fundamental factors influencing liquid metal flow 
has admitted applied and theoretical interest. It is, 
however, still difficult to establish a direct correlation 
between the viscosity, which is a specific physical 
property of a metal, and its castability, which is a com- 
plex function of many not easily controlled or evalu- 
ated factor ich a l1—latent heat effects, 2—surface 
tension at the metal/mold interface, 3—rate of heat 
abstraction, 4—variation of thermal conductivity of the 
alloy with composition, 5—restraining influence of the 
solidifying metal on flow through the channel, and 6— 
jlegree of supercooling possible with certain metals, 
e.g antimony 

Even if the authors disregard all the foregoing in- 
fluences except that from the latent heat of fusion of 
the SbCd compound, calculation” indicates that a rela- 
large temperature increase is possible in the 
liquid alloy immediately in the vicinity of the alloy 
undergoing freezing. This would prolong the time avail- 


Lively ia 
i 


I 


able for the liquid alloy to remain fluid and give rise to 
a relatively greater castability in comparison to that of 
the antimony or the cadmium 
On a weight basis, it can be shown that the heat 

released during freezing of 1 g of the SbCd alloy is 
sufficient to raise the temperature of 1 g of liquid alloy 
by approximately 410°C. Thus, on a relative basis, | g 
of the SbCd alloy on freezing releases enough heat to 
raise the temperature of 1 g of adjacent liquid SbCd 
alloy approximately 116°C higher than would be 1 g of 
liquid antimony or 240°C higher than 1 g of liquid 
cadmium 

The latent heat of fusion, Lac, of the intermetallic 
compound SbCd can be well approximated from the 
following expression 


Leos (x(Lea) + y( La cal per gram-atom 


where x and y are mol fractions of cadmium and anti 
mony, respectively; Lea is the latent heat of fusion of 
cadmium and Lw» is the latent heat of fusion of anti 
mony, both in cal per gram-atom; and AH is the heat 
of formation of SbCd, 1800 cal per gram-atom.” 


Andrade and Y. 8. Chiong: P eu s Physica 
drade and E. R. Dobbs: Proceed Royal Sa« 
P ceedings Royal § 1936) 15 p 264 
a G. Wor am: Zte f ‘ 1951 it 
No. 4. 5 
M Becke und E. Tragne Me 
st: Progress Me Physics 954) V. p. 102 
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Re ede Mé ryt 934) 31, p. 270 
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Some Characteristics of the Isothermal Martensitic Transformation 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 


D. Turnbull (General Electric Co., Schenectady)- 
The discusser has analyzed some of the authors’ iso- 
therms in order to discover how well they can be 


iescribed by an analytical relation of the form 

= at {3) 
where x is the volume fraction of the specimen trans- 
formed to martensite, t is the time, a is a temperature- 
iependent constant, and n is a constant—possibly tem- 
perature independent. Eq. 3 is the limiting form, for 


r~0, of the more general relation 


r:{1—exp (—bt*) ] {4} 


where 2 the limiting volume fraction of the specimen 
that transforms to martensite by a single mechanism 
and a ba It seems likely that the formation of iso- 


thermal martensite is complicated in the later stages by 
secondary processes, and also the decrease in size of 
martensite crystals due to “partitioning” becomes more 

nportant as the reaction progresses Therefore, the 
interpretation of the dependence of xz on time may be 
less complicated the smaller is 2 

The dependence of log xz on log t for the various iso- 
luded in the insert of the authors’ Fig. 1 is 


how! Figs 4 and 9. The coordinates of the plotted 
points were calculated from 2 f(t) readings obtained 
from a X4 enlargement of the insert. When z 0.03, the 


relation between log xz and log t is approximately 
linear, in agreement with Eq. 32. The best values of n 
are indicated in the figures and range between 2.3 and 
3.0, there being no marked trend with temperature. For 

0.03, the transformation rates at a given tempera- 
ture decrease more rapidly with increasing z than de- 
manded by either Eqs. 3 or 4 with a single n value (to 
test Eq. 4, x, was set equal to 0.25 to 0.30) 
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Thus, as x ~ 0, n appears to have a limiting value be 
tween 2 and 3 but nearer to 3. However, the experi 
mental error is relatively large for small values of 2 
and it is likely that the uncertainty in n is of the ordes 
of % unit. Further, a particular analytical relation be- 
tween x and t does not by itself establish a unique in- 
terpretation of the kinetic proces 

However, a plausible interpretation of the kineti 
that is consistent with the observed a f(t) relation 
and that can be tested by microstructural observations 
will be suggested. Suppose that transformation start 
at a number N per unit volume of sites that are pri 
nary nuclei immediately upon the establishment of 
the transformation temperature and that N is not 
affected by time at this temperature. An initial marten 
site crystal disturbs, perhaps by plastic deformation, a 
volume surrounding it. Secondary site within thi 
disturbed volume are now promoted to martensite 


nuclei but an average time +t must elapse befe 


within a disturbed region becomes a nucleus. Thus a 


re @ site 


disturbed zone may propagate from the center of a 
primary nucleus with a velocit New martensite 
crystals nucleate at the periphery of the zone and thu 
sustain its continued propagatior TI phenomenon 


would be quite like the “burst” phenomenon reported 
for Fe-Ni alloys but with a much greater time constant 


for the individual ever constituting the burst. If thi 


picture is correct, isolated colonies of martensite crys 
tals should be observed to grow via the formation of 
new crystals at their peripher and finally impinges 
upon one another 
Assuming that a colony pherical in shape, it 
volume v after a time t should be 
4n/3) a't 5 


and correcting for impingement as in the treatment of 
Johnson and Mehl,” an expression relating the marten 
site fraction, x, to t is obtained that is formally identi 
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Fig. 9—Dependence of log x on log t for the various isotherms 
included in the insert of Fig. | is shown 


heterogeneous nucleatior is somenow 
tent with classical nucleatior ory. However 
the phenomena of heterogeneous nucleation (whether 


n fluid or solid media) have been readily explained on 


s of the classical nucleation theory. Possible 
retations of heterogeneous nucleation in _ the 
martensite transformation, based on the classical nucle- 
at thec re developed in papers by Hollomon and 


Turnbull and Fisher and Turnbull 
Cc. H. Shih, B. L. Averbach, and Morris Cohen 


authors’ reply As suggested by Dr 


microstructure nave been examined in the early 


of the isothermal martensitic reaction. Nucleation was 


bserved at preferred sites ich as grain boundari« 
twin boundaries, and existing plates of martensite. Ir 
the latter case, the effect looked somewhat like chain 
lightning. Spherical colonies or patches of geometri 
militude were not developed. Thus, although the re- 
action was certainly autocatalytic, the assumption of 
thermally advancing colonies was not 1 by 
the metallographic observations. In other words, the 
tical conditions for Dr. Turnbull's analysis were not 
perative in the alloys studied here 
His « xplanation of the data published by Cech and 
Hollomon is interesting. If an initial layer of marten- 
ite was produced at the surface of thei be 
cause of manganese loss, it would thi 
hypotnesi could be checked by met ex- 
umination. It is also worth mentioning here that Fisher 


has appled the classical theory of homogeneous nuclea- 
tion to the martensitic transformation in these Fe-Ni- 
Mn alloys and has reported good 


learly, a choice between homogeneous and 


ement 


geneous nucleation cannot be made on the ba of AF 


values alone. The authors’ point is that the ce neept of 


th the 


preferred nucleation sites is both consistent 


microstructural observations and leads to values of the 


energy that are at least as reasonable as 
those derived on the assun ption of homogeneous nucle- 


ation. The authors would argue that the classi al theory 


of homogeneous nucleation is actually weakened by its 
reported agreement with the martensitic kinetics in 
these alloys because the microstructure how that the 


nucleation is, in fact, heterogeneous rather than homo- 


Rodney FP. Elliott 1 
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gram of investigation of the Laves-type 
phases, an alloy at the stoichiometric composition ZrV 
was prepared by arc-melting techniques. Similar to the 
experience of the author, the powder pattern of this 


composition was greatly fogged; however, no difficulty 
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ar 
| sl with Eq. 4 with 
* “ai 
Ls 
n 3.0 [7] 
* 
The meaning « is more clearly indicated by the ex- ‘ * 
pre 
w ne the number of secondary sites per unit 
ime the increase in volume of the disturbed 
zot hue to fort tior f one martensite crystal, is the 
a 
‘ pacing ter te cr tal withir 4 
the mean time for formation of a martensite ase 
thin a disturbed region 3 
Te: The fact that 7 isua ‘ than three and tends to 
‘ ease the transf ation progre mignt be ac- 
ent if pectrum of time constants for 
the te is the authors have suggested for 
the f the neentrat f pre- 
te were iter near the irface it would 
nee than szghout the volume. Thus. the 
nsftor at ate 4 than predicted by 
; Ea. 4. In the event that the preferred site ire ir 
th irt ‘ nould decrease con 
t ft irface mpi ent. Thus Cech and 
i ! i un be ted for if it is assurned 
i that at the start of the easurements the specimen eee the 
et th irface n which impinge- es 
f tensite ‘ plete and if this eC 
tr it thre ieation f any 
" ry the te the pecimen 
‘ t the autnor opinion 
trie tructural nanges 
ier: jlated from Fisher analy 
para eter m the 
4 t nucleation in the 
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geneous 
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was experienced in assigning indices of the MgCu, this reason, it should have been possible for the 
structure to this pattern. The lattice parameter was cal- author to index the pattern of his y-phase as isomor- 
culated to be 7.43kX. Other lines were observed but phous with the MgZn, structure, even though this struc- 
were accounted for as hexagonal-close-packed zircon- ture as determined by Wallbaum is not correct. It has 
ium or body-centered-cubic vanadium been positively established that ZrV, is isomorphous 

There is an equivalence of Miller indices for planes with MgCu, and not MgZn.. Specimens of the ZrV, 
of equal interplanar spacing for the three Laves-type alloys were annealed at 200° intervals from 600°C 
tructures; by the absence or presence of lines, it is pos- upward but gave no indication of having any allo- 
sible to establish which of the phases is present. For tropic structures 


Magnesium-Rich Corner of the Magnesium-Lithium-Aluminum System 


DISCUSSION, D. J. McPherson and J. P. Nielsen, J. A. Rowland, Jr., C. E. Armantrout, and D. F. Walsh 
Chairmen (authors’ reply)—The authors are grateful to Mr: 

David W. Levinson (Armour Research Foundation of Levinson for the interest taken in their paper and 
Ill Institute of Technology, Chicago)—As is point- particularly for having called attention to evidence 
ed out by the authors, Shamrai reports the existence which he has obtained indicating the existence of the 
of a ternary intermediate phase, called MgLiAl,, which ternary compound MgLiAl, in fields extending to the 
vas not found by Frost et al.’ nor by the present study a Magnesium solid solution area. In the authors’ study 


All of these studies were concerned with compositions of the alloys, no evidence of the presence of this com- - 


in the vicinity of the magnesium corner pound was found in the magnesium corner of the equl- 


A study of phase relations in the system Mg-Li-Al librium diagram. Because of the narrowness of the 
carried on at Armour Research Foundation between three fields in which the compound is said to exist 
1952 and 1955, results of which have been submitted especially when considering the diagram in terms of 
for publication, have confirmed the existence of the weight percent composition, occurrence of MgLiAl 
Shamrai compound (Fig. 11) at the composition 46 could easily escape detection 
atomic pet Al, 31 atomic pct Li, and 23 atomic pct Mg The structure shown in Fig. 8 of the authors’ paper 
The structure of this compound was found to be cubic does not resemble that of Mr. Levinson’s micrograph, 
(a 20.24 Micrographs showing the coexistence of Fig. 13. In the former, a clear-cut distinction exist 
the compound with the magnesium solid solution and between the MguvAl. and the partially dissolved AlLi 
with the agnesium solid solution and Mg,-Al,, are whereas, the outlined white phase in the discusse1 
given in Figs. 12 and 13. These alloys were quenched Fig. 13 appears surrounded by an irregular gray zon 
from 400°C and were found to be essentially un- The authors are pleased to see that Mr. Levinson’s 
changed at 300°¢ work verifies in general a major portion of the diagram 

These data cannot be reconciled with the identifica- as presented in this paper, and they await with inte: 
tion of phases given by the authors in Fig. 8 est the publication of details of his research on the 

With regard to the size and temperature variation allov svsten 
of size of the (Mg) and (Mg) + 8 phase fields, the 
vork at Armour is in essential agreement with the data F 1. Shamrai: Izest Akademti Nauk SSSR Otdelenie Khir 

heskikh Nauk 1947) N 6. pp. 605-611 1948) Ne 1, pr 1-04 


paper 


Fig. 11—Micrograph shows the existence of Fig. 12 idl an the coexistence Fig 13—Micrograph shows the coexistence of 
the Shomrai compound, the single phase of the Shamrai compound (MgLiAl,) with the Shomrai compound (MgLiAl,) with mag 
MgLiAl. X250. Area reduced approximately magnesium solid solution (Mg). X250. Area nesium solid solution (Mg) ond Mg,Al 
25 pct for reproduction reduced approximately 25 pct for reproduc. X250. Area reduced approximately 25 pct 
tron for reproduction 


Effect of Zinc Content on the Rolling Texture and Annealing Texture of Alpha Brass 


A 


DISCUSSION, G. Edmunds and W. R. Opie, Chairmen York )—The authors apparently have not considered an 
Y¥. C. Liu (Research Div., New York University, New important factor which must influence the observed 
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Alfonso Merlo iP A Bert 


annealing mation texture.” The maximum near the rollin 
brass and tion could be the pole which is associated 
orientations, one being the (110) [112) and 
r ed (358 352) orientations. The one near 
yerse direction could be a superimposition of two 
scent maxima.* On this basis, the est 


imated 


and F are first 
The ori 


shown in Table IV 


Table 1V. Estimated Amounts of Individual Components of the 
Deformed Textures 


Medified 
$58)(357) 


Table V. Estimated Amounts of Individual Components of 
Recrystallization Textures 


Components Derived 
From 


B Tetal* 


o the point mentioned by authors that the 
he recrystallizati be rot 


ol 


order 


region of spre around 
lisc usser's cor ept 
i Prof 
Orientation relotionships of A and M with the 
alt 110) [112 smponent of the deformotion texture are shown proposes th Y of two compo- 
: Verious symbols represent: circles, the octohedral poles for deformation texture 
the respective onentations solid triangles, the 110) (112) m “Or jers that 
orientation; and open triangles, the orientations related to the juring annealing, on the basis that the 
110) [112] orientation kinetics are a function of deformation 
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recrystallization texture, i.e., the presence of 
: twit Annealing twins are quite profuse u 
‘ the number of twins per grain and the nun 
‘ per grain are increasec ith the 
¢ ppe The effect of annéaling tv 
ecryst stion texture of brass should, tne 
eeflected in the recrystallization pole figures 
¥ The } lea rientatior ndicated as 15 by the * It was observed that this maximum ‘s almost always lower thar 
sid be This is better ind ted in the ‘7 30 brass 
! it were broke lown int ix groups designated wt ‘ : um should be twice the inte ty as plotted. Tt 
M.andS The three orientations A, B, | 0 the int + 
the parent orientation, orientations B 
th respect to A about 
: hedr plane TI hown in Fig. 19 
{ ‘ ted to the 110 112 ent of 
ay the tion texture t , 22° rotation about octa 
Orientation M could also be related to texture are 
{ } thy i] mnonent by a 38° rotation about p le 
II, propost by Dun: Orientation C is a 
' nt of the deformation texture.” The 
aa at ofl entation S seen to be doubtful. The 
eu ire n low intensity 
in 
eve can also be related 
159) component by a 22 rota- 
0 The rientations C and S net Z 65h 
+) her rit content 6 pet Z 20 
pet Z 750 >f 
ted ta the modified 35 
i 
hy ‘ texture frm the 
t f the t ppear to be in good The amounts of recrystallization components of 4.B 
fe ‘ th the Liu I bard rationalizatior F. M. and C orientations were also estimated. Since 
a t? that h a theory would cer me of intensity maxima in the 111 pole figure 
t nting for the formation ure associated with more thar ne orientatior the in- 
a ‘ m the n ’ eformation ter ty leve ir 200 pole figures were used Where 
4 4 ‘ ths , further re the inter ty le vel of the t ree cul pole f a given 
, ‘ ‘ nshif frorn the orientatior re not cor stent, the pole inter t nearest 
‘ ' nt of an ideal orienta to the center of the pole figure was used. It i 
Z t pole figure ssually umed that the experimental error in this region ts the 
‘ . t pole figure exhibits least. The estimated amount f individual component 
high intensity f recrystallization texture wre en in Table V 
Ay | tior f the four Fror this table t probat that the moained 35 
ntat ocated at 2 omponent existed all of the bra triy 
! ; 00, and 390 jecreased in amount with increasing zinc content, and 
He t bit n Fig. 4. The al similarly reflected in the recrystallization pole 
tent if they were figures 
‘ ftw mponent f the defor- 
From Medified 
1352) 
A 
pet Zr 106 BO 45 
' pet Zr rT 70 150 80 7 4 
* The tota int ponents A. B. F nd M st be 
sItiplied by 4, 4, 4 12 spective This umn shows the 
tot amt ent te ed f the 12 
ent of def texture 
a 
: nly 
. of t ghly on 
; the Mill of that of the ce! it textu according 
to his concept, the discusser thinks the whole probien 
’ till lies in the designation of “ideal orientation for the 
; deformation texture. In the deformation pole figures 
vat the authors assigned only one orientation for the 
Jeter tion texture , naturally there is quite a 
‘ 


\ 
be 
j 
j 
/ 
/ 
4 


Fig. 20—Orientatisa relationship between the orientation S 
and the modified (358) [352| component of the deformation 
texture is shown. Various symbols represent: open circles, the 
338) (443) orientation and solid circles, the (125) (553) 
orentation 


\ h vat the modified (358) [352] deformation 
texture recrystallizes at a lower temperature than 


ould the 1 112} component in copper.” This 
type of behavi« was also observed recently in Si-Fe 

ngie crystal 

The authors stated (Fig. 16) that the “ideal orienta- 


of the deformation textures vary with zinc con- 
2° range about one fixed octahedral pole, but 


cont in ne 
it the “ideal orientations” of the components of re- 
tallization textures, except orientation B, do not 

vary appreciably with zinc content. (Orientation S is 
not discussed here. since the authors mention it only 
briefly This might indicate that orientations A, F, M 


sused by some invariant in the deforma- 
tion pole figure, which is not influenced by the addition 
of zinc; or the iant matrix, according to the authors’ 
concept, does not influence the appearance of the re- 
crystallization components of A, F, and M. (Orienta- 
tion C should be excluded on the basis of “compromis- 
: is the authors suggested.) Since the only 
hich is constant throughout all the deformation 
pole figures, according to the authors, is the spread of 
minor intensities, it therefore, the spread matrix 
but not the major textured matrix which determines 
rystallization texture components A, F, and M. 
The more likely alternative is that the deformed ma- 
trix is an invariant, qualitatively 

ult to understand the authors’ contention 
that the minor spread in the deformation pole figure 
ometimes plays such a significant role in the occur- 
rence of the main components of the recrystallization 
texture of brass and sometimes does not affect it at 
all. as in the case of copper. In comparing Fig. 2 with 
the pole figure plotted by Prof. Beck for copper,” the 
difference that can be seen is a peripheral spread 
of intensity between 50 and 150 in Fig. 2. That this 


si lifference will cause a sudden change from a 
sin recrystallization texture of cubic orientation to a 
recrystallization texture of 19 components is difficult 
to understand. By assigning one “ideal orientation” for 


opper, the spread around the “ideal orientation” is 
' minant than the peripheral spread 
hown in Fig. 2. However, this spread around the 
ideal orientatior eems to have no “appetite” to de- 
of recrystallization texture in 


copper. Fig. 6 shows a higher degree of peripheral 


much more pred 


velop more components 
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spread than Fig. 2; however, the “ideal orientations” 
for the recrystallization texture components are only 
slightly changed but do not increase in number to more 
than 19. If two “ideal orientations” are assigned to 
the deformation texture, as Prof. Beck actually did in 
the case of copper,” the presence of another component 
of deformation texture, according to authors’ reasoning, 
has much less influence on the recrystallization texture 
in comparison with the peripheral spread in Fig. 2 

It now appears, according to the oriented growth 
hypothesis, that both the periphe ral spread as well as 
the major textured matrix should be considered as 
important. Under what condition is one more impor- 
tant than the other” 

Prof. Beck suggested” that, according to the oriented 
growth hypothesis, it should be expected that there is a 
“sharpening effect.” By comparing the recrystalliza- 
tion pole figures with corresponding deformation pole 
figures in the paper, this tendency cannot be obser ved 

Alfonso Merlini and Paul A. Beck (authors reply 
As pointed out in the paper, orientations in the vicinity 
of (110) [112] probably occur with considerable fre 
quency in the rolling textures of copper and brasses 
from 0 to 30 pct Zn, representing an important orienta- 
tion spread. The authors have, however, consistently 


refrained from considering an orientation as represent 
ing a texture component, unk it least two or three 
(preferably all) of the poles correspond to maxima In 
the pole figures. The tw axima on which each con 

ponent is based in the present pape are listed wu 


Tables II and Ill. From this 


(110) [112] type orientations do not represent texture 


components in the 0, 3, and 6 pct Zn allo) ince only 
one pole of each actually corresponds to an intensity 
maximum. In a complex texture uch as the roiling 


textures of low brass there are many orientation 
with one pole at a maximum and some other 
intensity areas. The choice of any of these as a com 
For nstance in the case of 


at high 


ponent is quite arbitrary 
3 pct Zn brass, the (110) [112] orientation ts a texture 
component only in a sense in which any one of a very 
large number of other rientations could also have 
been selected. The value of the rotational reorienta 
tions postulated by Dr. Liu on the ba of the (110 
[112] components may be, therefore, somewhat ques 
tionable 
tween an orientation, such as S 


(Unawareness of the clear distinction be 
idmittedly somewhat 
arbitrarily selected as representative of a spread ind 
an orientation representing a main texture component 
based on at least two maxima may have misled Dr. Liu 
to the conclusion that the recrystallization texture 
reported in the paper have 19 components. As st ited 
in the paper, the number of main components is 15 

It is clear that the assignment of “ideal orientation 
is in many cases not quite unique, even when at least 
two maxima are used as a bas! One of the difficults 
encountered, which was also noted by Dr. Liu, is that 
the intensities corresponding to the various poles for 
a certain ideal orientation are often not 
each other. The discrepancies encountered are far 
greater than the probable experimental error of the 
measurements, and they should be considered as a 
necessary result of the 
volved in the attempt of describing a texture in terms 


of “ideal orientations,” u orientation 
distributions. For this reason, Dr. Liu alculations of 
the intensities to be assigned to the rious “texture 
components” he chose must be regarded with caution 

The question as to the ¢« flect of minor matrix texture 
components or spreads on the recrystallization texture 
on the basis of oriented growth, may be perhaps an 


swered on a qualitative level as follov If the orien- 
tation of the minor component is such as to favor the 


growth of grains in orientations also favored by major 
texture components, its effect w not be feit. On the 
other hand. if a minor matrix component is unfavor- 
able for the growth of recrystallized grains which are 


favored by major matrix components, an inhibiting 
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On the Relationship of Texture Changes of Cold-Rolled Face-Centered-Cubic 
Metals During Recrystallization 


Edmunds and W 


‘ ty of Illir Urbana. ! 
$92 rientation liscussed 
i ! les with the main defor 
ponent ea 123){211) found fo 
per the reorientation referred to in 


t ect tall ation texture simi 
t xt ‘ re entialliy the ame 
propose n the ba of the or 

igh the autl now at 

the pre or 

ipproacne ire tunda 

n furthe th ight ‘ 
‘ Fx netance t 
ted nucileatior nal 


‘ nucleus or 

entat f ar part 

‘ at rrounding 
P havir 
th the p por 
it leads t 


‘ between the tw nterpretations 
ta ition texture 


‘ x text ‘ ponents as the 

texture ~ tance t not 

ft ented nucleatior 

entatior i be the onl 

exture ponent in highly rolled 
" 1 ther rystallograpt 

tatior hould t occur Ow 

ented ¢ wth anal the unique 


entatior quite evident: it is the 


e for ation of the ibe texture of a 
‘ ict i the penultimate grain 
tion of area in rolling, the final an 
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prior to the final anneal, has been well ¢ 


tablished experimentally. Qualitative explanation of 
these effects in terms of the oriented growth analy 
would be interesting to 
learn how these effects can be interpreted on the basis 


oriented nucleation analysis proposed by the 


is has also been giver It 


tnor 


au 


The absence in 70-30 brass of the two (112)[110 


type recrystallization texture components, shown in 
Fig. 5 of the paper, is cited by tne authors as a fact in 
compatible with the oriented growth analysis. As 
pointed out previously,” their conclusion would be un 
ljoubtedly correct if the rolling texture of a brass con 

ted only of the two components described by ideal 
rientations of the (110)[112] type. It has been also 
pointed out, however, that actually the rolling texture 
of 70-30 brass includes a very intense orientation 
pread centered around the (110)[001) orientation and 


ition texture 112){110 


the lantom recrys 


pt 


that 


removec rom ; orientation fave 


growtn wi respec ) e central par f 


Consequently, the absence of the 112 110!) recrystal 
ration texture n brass may be rationalized in tern 
of the oriented growth analysis on the basis of its o1 
entation relationship with respect to the principal 
yientation spread in the rolling texture 
Y. C. Liu and W. R. Hibbard, Jr. (authors’ reply 
There is no question that preferential grain growt! 


they 


as 


rotat 


deformed 


authors ree 


seem to be the 


divergent in basi 


Beck that their viewpoin 


q site 


he surface but are 


Differentiation between these two concepts is ex- 


tremely difficult; both of them provide evidence 
through the rotational reorientation relationship. Ir 
many case the experimental obser or ould be 
nterpreted either way without any ficulty. For in 
ance, the observation of eight equivalent component 
f recrystallization texture in a cold-rolled copper sir 
gle crystal’ was interpreted by Dr. Beck as a strong 
ndication of the operation of his concept in this 
respect 

The pole of rotation, according to the authors’ analy- 
sis, is the pole of the active slip planes, but it is the 


pole of the most densely packed crystallographic plane 
Beck's concept However, the most 


iensely packed plar 


according to Dr _m 
isually is also the slip plane, and 
the two concep once again confuse each othet one 


theless, a difference between these two concepts some 
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AT nd Hibbard, Jr: 7 AIME (1953) 197 
672. Jownnat * Mertats 95 
the n r matrix components in be C. Liu: Ung shed dat 
expecte ”“P K. Koh and C. G. Dunn: Trans. AIME (1955) 203, p. 401 
Jounnat of Metais (February 1955 
A J P A Beck and H. Hu: Discuss s (195 
618 J wnat oF Metate ‘September 1949 57. Jowenwat or Merats ‘August 195 
; ‘ Metallurgica (1954) 2, p. 386 
| Opie, Chairmen = thickness 
since the odift 
ind cog 
“ture 
text iving a wide orientatior is ve rable for 
rientat nehir with 
f tat apt pla ur amt the ‘ a 
ty, ty thie tat The ration The qué tion i to what extent thi phenom- 
ta fT two of enon operative in the development of a recrystal atior 
hs ‘ nu t present in the deformed texture? According to Dr. Beck t is the ole factor 
t lified (35! 2 und the in the development of the recrystallization texture 
orienta The authors do not agree. The process as see it is 
tf ‘ these two matrix that, in addition to and prior to preferential grain 
On the growth, there another process which provides nuclei 
t o the ented growth analy for later growth. The mechanism of tl proce 
, meetin: tutte m he of related to the deformation mechanism. The resulting 
ed that the don rientations of nuclei have a reorientation 
ote t fa riented fi rowt} relationship with respect to the matrix, not 
wit jing the jue to growth but due to the deformation and recov 
wed . xture nents and spreads witt ery during their formation. Thus, the process provide 
’ ‘ ed sir P nto contact in the nuclei which are related to the deformation process 
imposed on the matrix material The 
e al wit Dr 
| 
nt which d ally occur although concepts 
‘ 
act 
fay 
‘ 
‘ ation 
‘ early leally ented for growth 
ull four major deformation texture 
nealing Mummmrature, and etching to a very small 
4 


times arises, such as the observed secondary orientation 
relationship about the cubic pole of the primary texture 
in cases such as are given in the paper 

Dr. Beck has raised an interesting question in con- 
nection with the orientation of the matrix immediately 
surrounding the nuclei on a microscopic scale. If the 
deformation texture is reasonably sharp, say, having a 
(358){352) orientation, Dr. Beck’s suggestion for the 
formation of the cubic texture has a logical basis 
However, as observed by Dr. Beck and his collabora- 
tors, the deformation texture of copper shows a large 
degree of scatter.’ The question then arises what would 
happen in a microscopic region where matrix grains of 
other than (358)[352] orientation are present? The 
grain of cubic orientation might be a “compromised” 
grain to grow in such a matrix. But this does not rule 
out the possibility that in this very region there could 
be another grain of the right orientation which pos- 
esses the “maximum grain boundary mobility” with 
icroscopic region. Instead of a sharp 
rvstallization texture, a certain degree of scat- 
ch depends on the orientation spread in the 
According to 


respect to this n 


deformation texture, would be expected 
th ors’ concept, this situation does not constitute 
a problen ince all the recrystallized grains are not 
pre-existent but are derived from their corre sponding 


deformed grains. Recrystallized grains of other than 


cubic orientation may not exist, either because there 
are no deformed grains to serve as the origin for thes¢ 
gralr or because the kinetics of recrystallization fa 
vors the formation of the cubically oriented nuclei 

The authors explained the sharpness of the cubi 
texture on the basis of two components of deforma- 
tion texture without any additional ad hox hypothe ses 


as suggested by Dr. Beck. By comparing the spread 
around tne «tahedral pole B of the modified 358) 

352] orientation, Fig. 1 in the paper, with any octa 
in the pole figures plot 


hedral poles of cubic texture 


ted t Dr. Beck and his collaborators,’* it would be 
‘ that tne are almost the same 
The iggestion of two components of deformation 
exture in copper was made on the basis of experimen 
tal observatior h the suggestion of (110)[112] 
entation as t! orientation of one component 
of the deformati ture was made from pole figures 
ierived by X-ray photograph methods simi‘ar in 
lices were also used by Dr. Beck and his collaborators 
iescribe the component of the deformation texture 


in their quantitative pole figure. The most concrete 0b 


existence was first made by Barrett 


and Steadmann” and it has been verified many times 
that ngle crystals of this orientation will retain the 
entation after high reduction in thickne and that 
other orientations under investigation” are unstabl 
juring the course of cold-rolling Jarrett and Stead 
unn had also suggested the (358)[583] orientation 


which was later verified by Dr. Beck*® with indices of 


$5 352 Recent experiments carried out on copper 
ngle crystals of initial modified (358)[352] orienta 
is orientution is retained during 
Lh bu ations. There seems no doubt 
of the oexistence of these two comp nents in the de 
formation texture of cold-rolled copper. The most im 
portant tl ng is that, by assuming the existence of these 
two components, it would be possible to rationalize the 
recrvstallization texture in face-centered-cubi metals 
implicity and a reasonable degree of self- 

No doubt, components of other orienta 


tions could also exist in the rolled strip. These minor 
components may or may not survive, depending upon 
the recrvstallization kinetics which, as the authors sug- 
gested, are a function of the t xture orientations as 
confirmed by recent work of Koh and Dunn” on rolled 
Si-Fe single crystals 

Phantom recrystallization texture components” are 
a problem according to Dr. Beck’s concept The two 
explanations offered by Dr. Beck,” as pointed out by 
Burke, without evidence or support the 
concept of oriented nucleation. To the authors, this 
imple. Since it is the deformation process 


are either 


problem is 
and subsequent annealing which produces the condi 
tions leading to the recrystallization nuclei, the active 
slip systems should ode related to the « hoice of poles of 
rotation, together with the kinetics of the annealing 
process leading to the growth of the nuclei The rela 
tion betweer slip plans 

was experimentally demonstrated by Maddin, Mathew 

son, and Hibbard” on brass single crystals and sug 
gested by the authors’ in the investigation of the re 


px les of rotation and active 


crystallization texture of copper single crystal Ac 
cordingly, it would be expected that all crvystallogra 


equivaient pole of 


otatior woula not 
equ valent slip on each cor 


equal unless there was 


responding plane 


As to the various factors that influenced the forma 
tion of the cubic texture, they might be explained ac 
cording to the author concept on the basis of thei 


effect on the ! rains in the 358 $92) oF 
annealing, and their effect 
ation of the component 


Recent experiment 


entation prior 


mn the kKinetik 
present in the deformed material 
d out by one of the authors” suggested a doubt 


arriea i 


as to whether the cubic texture precisely a cubs 


combination of several near-cubic or 


ormentation or a 
It looks as though more nformation about 


ye rationalized 


entations 
the cubic texture 
in detail 

The authors are very glad that Dr 


‘ 
fore it can 


needed be 


Beck offered hi 


viewpoint on behalf of hi concept concerning the 
analy of the 70:30 bra texture in Fig. 5 of the 
paper. However, he does not show any evidence that 
the phantom” 112){110} type of recrystallization 
component posse « minimum grain boundary nm obil 
itv” in order to prevent its growth to the pread ma 
trix. On this ba including the spread—the absence 
of the (112){110] component, particularly in the pres 
ence of the other components related to the (110) 112 
matrix (but not the spread till difficult to rational 


tallographically equivalent orientation 
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Preferred Orientations in Beta-Annealed Zirconium 


DISCUSSION, G. Edmunds and W. R. Opie Chairmer 
J. B. Newkirk (Genera! Electric Co., Schenectady) 
The discusser would like to suggest an additional ex- 
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planation for the reversion of r ystallized a zirconi 
um to its original texture on heat-treating at tempera- 


tures 40" to 70°C above the transformation 
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‘ estat hed that 3 hase trar oug 
. table 4 } an be retained in the in cavities and this mechar 
tal avitic f suitable nucleation can no longer operates A rm 
‘ present in tl tery These retained based on random nucleation from the 
iy nu te the -a transformation when then be expected. This is the behavior 
turne to the ge of tabilit If authors report 
tik wre ir partick ha J. H. Keeler (author's reply Dr. Newkirk's addi 
within a i tal. it f that the tional explanation for 1 of re stallized 
the ta ‘ te within the rirconium to its origir neat-treating at 
fis ‘ ne the tatior the new a- temperatures 40° to 70 ransformation i 
: enerat tt p nt tal appre A critical that we i show 
f which of four p ble alternatives respor e for 
‘ sl angle et table the texture reve on would now be of interest 
‘ t eg : tabuity tha Turnt Kine { Heterogeneous Nucle 
‘ ingle If the tem 9 18. 98-203 
Contribution of Crystal Structure to the Hardness of Metals 
SSION_.H 1. Burr the case of well annealed polycrystalline specimer 
egu n the temperature region where according to 
W. J. Bratina Tor the the f anelasticit the grain | ndary relaxa- 
Ont Dr bine phenome hecome gnificant The econd 
t t ‘ rked decrease n the tropic transformation 
‘ perature regior 
plotted omparing the G./G» and log (Vhn) vs temperaturs 
. irves for titanium (or zirconium), certain coincidence 
the temperature where the first flection appea 1s 
ent, espe the scatter the exper ental 
ting taker ieration I iggest at 
‘ ht, that tl flection in hardne \ es might 
t tne presence [ Alt our it 
‘ flection nce bot isés p ystalline spe er bee! 
On the ther har n the internal frictio 
t the xT nt t ve annealed specimer e used 
f } fer great the att four 
t I fl € to the lentation area in hardr test t would 
‘ d pp. that ld ked and partia 
talline spe ‘ would be a bett Apy act 4 
he tempera amber of internal friction experiments has been don 
t slues h specimer for example, on aluminur 
1 , ‘ ‘ recently | Koster et a on copper; the 
. x er effect f cold work and annealing have beer tudied 
mn nera lata of terna tion exper ente PPT 
mer nt i te that the first lection nt in the hardness 
t ture ria temperature curve in titaniur rconiu ght 
roi i A up t e due to more or le mplex action of is inter- 
I miu t face within the spectmer Some the is 
t ture re ound ire present in the sf n originally and 
t me are introduced pilast et tion and e- 
I t nere G juent recovery processes, if ar er to explain 
, pe i well wn experiments on sing pper crystals 
t t he t where a similar inflection in the hardness te pera- 
ture curve been observed a n polycr alline 
iterial 
al propertic 
ire hanged 
ne ana torsion 
formatior Inge 
niur and can 
t ig? tr 
1é nt the 
p might be 
the naranes values s due to the bod centered-cut 
tal structure whicr s alwa : otte tructure 
w he t is involved in an allotropic trar ation. The 
lecrease in the tor mn modulu not ve clea It 
. . . e = would be ting to investigate from this point of 
for iron. where the first inflection ir 
Fig. 8~-Curve ond date poimts show the voriotion of torsion the (Vhyr vs temperature curve correspor suite 
closely to the inflection in the tor ni! lulu irve,” 


modulus with temperature im 
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but the 7 phase shows an increase in hardness com- 
pared to the a phase 

In Fig. 5 the hardness value for higher purity tita- 
nium shows a slower decrease with the temperature 
han for less pure titanium; finally they meet at the 
inflection point. Perhaps this effect can be attributed 
to the surface contamination, since the vacuum was 

t very high? Similar conditions as in iron of differ- 
ent purity, Fig. 4, might be expected 
W. Chubb (author's reply)—Dr. Bratina’s contribu- 
tion to this subject is greatly appreciated, and the 
author is in agreement with Dr. Bratina’s interpreta- 
tion of the inflections at 400° and 500°C in zirconium 
and titaniun His observation that grain boundary 
relaxation phenomena become significant in the region 
of the hardness inflection is particularly interesting 
Other phenomena that occur near this temperature are 
stress relief, recrystallization, and the disappearance of 
cold work in creep. In all cases, the temperature 
associated with these phenomena can be shifted by 
alloying, but in no case that this writer knows of can 
umpurities or lack of impurities cause these phenomena 
to disappear 

As Dr. Bratina points out, the data seem to indicate 
that the inflection point is due to complex action of 
interfaces within polycrystalline specimens The 
author ts of the opinion that all these phenomena are 
best understood in terms of the mechanistic theory of 
d cation The “interface: then become simply 


barriers to the movement of dislocations, whatever 


form they may take. At low temperatures, the move- 


ment of dislocations is restricted by these barriers; 
high stresses are necessary to cause plastic deforma- 
tion; “cold work” results from plastic deformation 
ind the energy absorbed by the oscillation of disloca- 
tions between barriers (as manifested by “internal 
friction is small. As the temperature of the metal 
s raised, the kinetic energy of the atoms increases: the 
imp frequency of vacant lattice sites increases; and 
the rate of self-diffusion increases. Presently, as the 
temperature raised, it is found that, when the poten- 
tial energy of a small stress superimposed upon the 
kinetic energy of vibration of the aton the combina 
tion is sufficient t suse barriers to diffuse out of the 
path of dislocations or for the effective ize of the 
barriers to be reduced so that dislocatior mav climb 
over the barrier At such a temperature, stress relief 
lisappearance of cold work in creep, and the onset of 
grain bour ir relaxation (caused by the abs rp- 
tion of energy as dislocations cycle over barrier are 


observed. This writer feels that the inflection point at 


about 400°C in the | curves for iron, titanium, 
and zirconium may be regarded as that point at which 
stre relief is occurring so rapidly that it occurs dur- 
ng the time of this inflection 
hou'd occur at t above that for 
long time stress relief, disappearance of cold work in 
creep, and grain boundary relaxation. Tentative con- 
firmation of tl theory is to be found by comparing 
the inflection point found by Dr. Bratina, Fig. 8, with 
that found by hot hardne Fig. 5. It appears that the 


latter occurs 50°C higher than the former 


Recrystallization is related to these phenomena only 
to the extent that diffusion is necessary before nuclea- 
tion and grain growth can occur. The factors of 
amount of cold work, time, and temperature of treat- 
ment must be taken into consideration before recrys- 
tallization can be related to the hot hardness inflection 

Melting is related to these phenomena to the extent 
that as the temperature is raised the kinetic energy of 
vibration of the atoms increases, the free energy of 
formation of the solid increases, the stability of the 
solid decreases, and the free energy of formation of 
the liquid decreases. As Dr. Westbrook has demon- 
strated,” metals usually melt at a temperature such 
that the absolute temperature for melting and the 
absolute temperature for the inflection point can be 
related by a factor of about 0.55. However, if a trans- 
formation occurs, the high temperature allotrope be 
comes more stable than the low temperature allotrope; 
thus, the free energy of the solid is decreased, and the 
melting point may be pushed to a higher temperature 
than would be expected if there were no transforma- 
tion 

With respect to the modulus of iron, W. Koster has 
reported values for the effect of temperature upon the 
dynamic moduli of a large number of metals includ- 


ing cobalt, iron, thallium, and zirconium He found 
that the moduli of cobalt, iror and thallium in 
creased and that the modulus of zirconium decreased 
at the transformation temperatures. The behavior of 


thallium as reported by Koster seems to be anomalous 
since it would indicate that the binding energy of 
body-centered thallium is greater than that of close- 
packed thallium. Unpublished data by R. E. Maringer 
how that the modulus of uranium varie in the same 
manner as the logarithm of hardness. A plot of the 
modulus of uranium vs temperature could easily be 
mistaken for Fig. 6 of this paper 

The author cannot agree with Dr. Bratina that sur- 
face contamination is responsible for the intersection 


of the two curves for titanium in Fig. 5. If the iodide 
titaniun can ple had become contaminated during the 
test at moderate temperature it urely would have 


become more contaminated at higher temperatures 


and the sharp drop in hardness at the transformation 


vould not have been observed. The curve for RC-55 
titaniun which incidentally is somewhat purer than 
Ti-75A titanium) might be taken as an example of 

iterial slightly contaminated with oxygen The 


curves shown in Fig. 5 illustrate the well known fact 
that oxygen raises the transformation range of tita 


mium but not very effective in trengthening 
titanium at slightly elevated temperature 
n of f ASM (195 ‘5, p. 243 
E D Kunst: Metatlé 1954) 9, p. 23 
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Study of a New Mode of Plastic 


DISCUSSION. C. S. Roberts and F. L Vogel, Chairmen 
P. L. Pratt (The University of Birmingham, Birming- 
im, England The deformation markings studied in 

th paper are “believed to be the same thing as the 


micro kink bands observed by Holden’ and by Pratt” 


212). The term micro kink bands, attributed incor- 
rectly to these two authors, “seems to be inept to this 
author because there is a qualitative and a quantitative 
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nature are continued for a time longer than about 60 


Deformation in Zinc Crystals 


difference between ,y-bands and ortho kink bands” 

p. 213 On the surface, these markings may appear 
to be similar but, without a small arm it oto 
graphic evidence and within the bod tal 
it is difficult to see imilarity. The fine and coars¢ 


kinks studied by Pratt were related to the buckling 
of the con pre 5s 


‘ 
cated in F 2 l5a and 15t they failed to cross the 


d side of a bent specimen and, as indi- 
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Is Fig. 1 a scale drawing of the apparatus used? If so. 


Johnson” has said, “Every man has a right to utter 


. 
} = ae | aoe he thinks truth, and every other man has a right 
j — to knock him down for it.” If, in fact, these ,»-bands 
) ENS are the same as the earlier deformation arkings per- 
; | 7 ee a 7 haps the term mucro deformation band and the title of 
tin the paper Study of a New Mode of Plastic Deforma- 

—— Sr * tion in Zine Crystals, might also seem inept 

J. J. Gilman (author's reply)—Little is to be gained 
Fig. 1Se—Diagram shows the stress system during cleavage of at this time by a discussion of the terminology that 


was used in the paper. This is a matter of opinion, and 
the author bas no strong feelings in the matter. How- 


/™ es ever, until the true nature of the new mode of deforma- 
tion becomes clear, the author thinks that it Is unwise 
'* / Tr. *'%as to draw an analogy between it and normal kinking 
The author based his conclusion that the «-bands of 


| his paper are the same thing as the “fine kinks” of 


o thw 


= 
nd Pratt on the facts that both are found only upon com- 
Re pression parallel to the basal planes of zinc and both 
have the same crystallographic geometry. Admittedly 


the microscopic appearance of the markings is not ex- 
actly the same. In the author's opinion, this is a result 
of strain rate differences 
Apparently, a misund 

th Fig. 4. This 


ompletely buckled 


Fig. 15b—Section through the thin cleavage flake shows de as is indicated in Fig. 3 


a macroscopic buckling did not begin until an appreci- 
able amount of plastic flow had already rea, and 
xis the r 1 14. most of the paper is concerned wit! happenings during 
. . the prebuckling stages of deformation. Thus, there is 
nt : ' cof DUCKING no inconsistency between Fig. 4 and Figs. 13 and 14 
‘ 


F nd 4, t ‘ macro bend Fig. 17 — Micro 


ator el prog Fig. 14 ap graph shows etched 
pment of a «bends in a zinc 
ind crystal. X1000 
klir Area reduced ap 
f the arse proximately 45 pct 
f f Fig tor reproduction 
f opposit 
fa 
plane 
: ly propor- Additional evidence has recently been obtained 
ire of the bert bean which shows conclusively that u-bands, and probably 
fr the neutral fine kinks, are qualitatively different from normal kink 
‘ k g of a bands. This evidence has been cbtained by means of a 
tion of pecial etching technique that will be described in 
ippeal letail elsewhere. Fig. 17 shows the characts tic ap- 
e irance f etched -bands. They cor t of eguiariy 
r tre d paced pits that are oval and have their ajor 
iving parallel t Dasé anes. Clearly the dlis- 
location distribution of Fig. 16 is inconsistent with the 
etched structure 
4 —7 On the other hand, the etched structure of Fig. 17 i 
Fig. 16—The disloca not clearly related to the dislocation distribution of Fig 
‘ tion model for coarse 14b, although this distribution is not ruled out. The 
oY 3 —“j kinks, Fig 15, is author thinks the nature of u-bands is not clear at the 
Y 3 yy F shown in the dia present time, and they should be viewed with an open 
“ . | gram, in which edge mind. They may be a type of deformation band, they 
> 4 ‘ dislocations of oppo may be very fine twins, or they may be caused by uni- 
| site sign lie in two lirectional pyramidai glide. Perhaps the discusser, or 
. + } } konk plones thot the author, will be able to prove which possit ility is 
= tJ meet below the sur rrect at me future date 
foce of the crystal 
79! 
Viscous Flow of Copper at High Temperatures 
ISCUSSION. C. S. Roberts and F. L. Vogel. Chairmen dence for the validity of the theory developed by Her- 
A. P. Greenough niversit ege, Swansea, Eng- ring. However, it also recalls a problem still to be 
d The paper | vides further experimental evi- solved in this type of work. When experiments of this 
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1ature are continued for a time longer than about 60 
hr, the reproducibility of the results becomes very bad. 
This was noticeable in the work which Greenough pub- 
lished;* and his further work since then, which has not 
been published, has not revealed the cause. In view of 
this, it is interesting to examine closely Fig. 2 of the 
paper under discussion 

It is not clear from the text what accuracy is being 
claimed for the measurements. Assuming that the 
length in the specimens can be measured to +0.0003 in., 
a change in length can be measured to +0.0006 in., and 
therefore the strain on a 4 in. gage length can be 
measured to +0.00015 

It should be possible to make any of the plotted 
points lie on the line by a movement corresponding to 
changing the strain by less than +0.00015. At first sight, 
the last point plotted for specimens KL-F and KL-G 
does not fulfill this criterion, but in each case a small 
change in the position of the plotted line removes the 
discrepancy without introducing any inconsistency 
Have the authors had any experience with the be- 
havior of their specimens over periods of longer than 
60 hr? 

In this connection, Tamman and Boehme” found that 
the deformation of their foils apparently ceased after 
about 15 min. However, it appears that in this case the 
foils would recrystallize on heating and that the ac- 
curacy of the experiments would be insufficient to de- 

deformation of the annealed specimens if the 

final grain diameter were of the order of 0.005 in., as 

would be expected. The discusser is unable to comment 

work of Sawai and Nishida which he has so 
only in abstract form 


ect tne 


on the 


far seer 


Is Fig. 1 a scale drawing of the apparatus used? If so, 
was any check made of the temperature distribution 
over the length of the specimen during a test? There 
must have been a fairly steep temperature gradient 
between the bottom of the specimen and the glass wool 
Was the temperature inside the copper chamber uni- 
form? Finally, what precautions were taken to pre- 
vent the copper pins from sintering to the container 
during the course of a run? 

A. L. Pranatis and G. M. Pound (authors reply)- 
The authors wish to thank Dr. Greenough for his inter- 
esting comments 

In all specimens strained for periods of time longer 
than 60 to 100 hr, strain rates unmistakably decreased 
but not to the extent that a limiting strain could be 
assigned. No explanation is offered beyond the sugges- 
tion of possible saturation of grain boundaries with 
vacancies. In several instances of long time straining 
specimens broke intergranularly. The intergranular 
cavitation recently reported by Greenwood, Miller, and 
Suiter™ is brought to mind. However, the specimens 
were not carefully examined at the time and no grain 
boundary porosity can be reported 

The Kanthal furnace windings were spaced on an 
Inconel furnace tube to provide a hot that ex 
tended several inches above and below the specimen 
Temperatures along the length of the specimen did not 
vary more than 1 

Graphite smears at the copper interfaces were used 
to prevent the loosely fitting copper parts from welding 
together, often successfully 


zone 


J. N. Greenwood, D. R 
1954) 2, p. 250 


Miller, and J. W. Suites Acta Metal 


Study of the Effect of Boron on the Decomposition of Austenite 


DISCUSSION, D. Turnbull and D. J. Blickwede, 


Chairmen 


ated for a fine 


la piece of experimental work. Particu- 
larly valuable is their confirmation of the high surface 
activity of boron in steel, which has been suspected 
for austenite and has been demonstrated experi- 


mentally for lhquid steel 
It is reasonably well established that the predomi- 
nant influence of boron on hardenability lies in inhibi- 
brought about by 

sorption on the boundaries, with consequent 
lowering of the energy. However, the 
explanations for the effect of austenitizing temperature 
and for the inversion with increasing boron content 
are by no means clear. The authors assume that small 


sdditions of boron lower the strain energy at austenite 


nucleation boron ad- 
austenite 


boundary 


tion of ferrite 


free 


grain boundaries by occupying high energy sites 
Further additions are forced into less favorable sites in 
the boundary, thereby increasing the strain energy 
That such atoms would attempt to enter the grain 


boundaries extremely doubtful and probably not 
very important 

Nucleation theory is based on the 
i not on the strain energy 
basis, the authors’ arguments, as 
lustrated schematically by their Fig. 16, are untenable 


Gibbs” proved that for a solvent-solute system 


free energy of an 
nterface an contribution to 


free energy. On this 


I (8y/bu) 
where IT is surface excess of the solute, 4 is surface 
energy. and » the chemical pote ntial of the solute 
This a thermodynamic statement, holding independ- 
ent of the atomistic model of the mechanism of solute 


adsorption 
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Fig. 16 shows dy/dc positive over the range A-P 
Rewpiting Gibbs’ isotherm in the form 
I (A 7/dc) 

it is seen that this can only happen if © or dé dy be- 


a highly unlikely 
to swing negative would 
boron concentration at the 
centration in the austenite 
1. This would appear 
0.000x pet and would 
Figs. 17 and 18 


can be 


state of affairs. For 1! 
require that the ratio of 
boundaries to boron con- 
crystals change from l to 
levels of 
author 


comes negative 


impossibie at boron 
further, invalidate the 
reasoning based thereon. dc/d 
of the boron de- 
This patently 
aturation 


and any 
negative only if the activity 
creases with increasing concentration 


impossible for a system nearing boron 
A more likely explanation can be made on the basi 

of two more probable assumptions 
l1—Boundary energy increase 


perature. This is the rule 


with increasing tem 
rather than the exception in 


solvent-solute systems where the lute is highly sur- 
face active It is brought about by 1esorptior I the 


solute, so it would be expected that the hardenability 


decreases at high austenitizing temperature fol 
by a gradual increase upo! 
lower temperature as the 


back to the 
2—The 


cooling to and 


lesorbed 


holding at 
diffuse 


poron 
boundari« 


solubility of boron in austenite is nil 


again is the rule for highly surface active 

Boron exists in supersaturated solution in au 

only because of the difficulty of nucleating the 
precipitate. When the boron content is mad 
enough to permit this precipitation, the dissolved 


tripped from both the grains and the 
train boundaries, and the hardenability toward 
normal. In terms of Fig. 16, thi would mean that 
points A and P both coincide with the minimum of the 


boron is quickly 


revert 
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Harry Udin (Massachusetts Institute of Technology, : 
This 
| 


e, but the precipitate not dete 
C. BR. Simeoe, A. R. Elsea, and 
thor reply The ntermediate 
‘ 7 the ibst tional at 
tior effect of 
ist« ne 
‘ , to the case of , 
ave 
The ‘ ‘ 
es ‘ ce a 
it yt } 
‘ Late 
the howevs 
as 
y D 
‘ tah ant 
j 
j 
‘ 
‘ 


G. K. Manning 


+ 
eit 
4 
m } 
2} 
poror m harder 
‘ ed t U 
at 
j not 
Ippe 
ppea 
based on the 
tra enere 
f 
‘ train energ 
fine ent 
iin 
the 
ind nciuded 


solubility of austenite be nil—tha 


boron in 


present in austenite in a supersaturated state 

ts that, once conditions become such that pre- 

occu! the dissolved boron is quickly 

tripped from both the grains and the grain boundary.” 


correct, it would follow that once 
mpound had occurred the 


itation of the 


poron 


effect on hardenability would be permanently lost. Cer- 
tainly a precipitate cannot be dissolved in a solvent in 
which the solubility is nil. Yet it known that the 

nm precipitate does redissolve when steel is subse- 
quently heated to the austenite temperature range. In 
fact, if it did not redissolve, the boron effect would 
never have beer bserved. All rolled, forged, or an 
nealed steels are cooled (prior to hardening na man- 
‘ that ist ire precipitation of the boron com- 
pound In genera the boron effect ea ea regara 
le of prior treatment. The only known cause for los 
if the boron effect oxidation of the boron. Udin's sug 
gested mechanism, therefore, appears to the authors to 
be unter 
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lsoembrittlement in Chromium and Molybdenum Alloy Steels During Tempering 


B. Weodfine ; Flect ( 


— 


HARDNESS 


TRANSITION TEMPERATURE °F 


ede 
Eng d 
tr 
elate 
it iong ten 
t ‘ propo ea 
rt tee] 


Fig. 7—Good cor 
relation betweer 
hardness ond tron 
sitron temperotures 
results im specimens 
of AIS! 5140 steel 
tempered ot 1200° 
ond 1260°F (650° 
and 680°C) for 
both long and short 


times. Symbols 
represent circles 
1260°F; triangles 
1200°F and 


1100°F 


crosses 


590°C 
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ment is the result of ferrite grain grow 


(425° to 540°C the 


termperature 800° to 1000°F em.- 
ttlement of the AISI 5140 steel is almost certainly 
1e¢ to intergranular temper embrittlement and would 
not be expects to show a correlation with hardness 
4t 1110°F 190°C), the results in Fig. 7 and Fig. 3 show 
‘ t the tw mode f embrittlement veriap with the 
tergranular embrittlement reaching a max im after 
PD and then decreas while the ferrite grain 
wth embrittlement begins to be apparent after 
| 
| 
40+ 
2 
| 
| 
304 
| 
25 
20+ ~ 
4 a x 4 


TRANSITION TEMPERATURE °F 
Fig. 8—In specimens of AIS! 4047 steel, the close correlation 
between hardness and transition temperature extends to spec: 
mens embrittied at 1100°F (590°C) as well as those em 
brittled ot 1200° and 1260°F (650° and 680°C). Symbols 
represent: circles, 1260°F; triangles, 1200°F; and crosses, 
1100°F 
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ted at low boron that the 
my 
pr 
t, in the Fe-Fe,.B 
ff ent nan ge 
east A 
f gative everal 
the Au-N 
ed mechatiisn 
ON D. J ee th. At lower 
ry 
t the sy of t LISi 9140 
’ ; t M 60°F (650° and 680°C 
at ‘ re trar tion tempera- 
fact t nclusion with 
‘ t ttlerne t 1200° and 1260°F as wa 
tive te that the embrittl 


Table V. Results of High Temperature Tempering Treatments on 
Development of Embrittiement in an Ni-Cr Steel Quenched Initially 
trom 850°C (1560°F) 


Transition 


Temperatere. Embrittiement 
Treatment 

Tempered at 650° 200°F 59 
Te | 65 137 

for 3 
650°C 200°F 52 
Tempered at 65 500°C 56 108 

F 32 b 


ibout 10 hr. For the short times at 1100°F where the 
increase in transition temperature was due to inter- 
granular temper embrittlement, the results do not fall 
on the hardness/transition temperature curve obtained 
for the higher temperatures, Fig. 7; but for the longer 
times where the embrittlement is presumably entirely 
the result of ferrite grain growth, the points fit the 
curve very well 

With the molybdenum steel which shows very little 
susceptibility to intergranular temper embrittlement, 
the close correlation between hardness and transition 
temperature extends to those specimens embrittled at 
1100°F as well as those embrittled at 1200° and 1260°F, 
Fig. 8. Thus, for the molybdenum steel, it is suggested 


that the embrittlement at temperatures above 1100°F 
is entirely due to ferrite grain growth and that from 
Fig this form of embrittlement would appear to over- 
lap with intergranular temper embrittlement at 1100°F. 

If the iggestion advanced previously in the dis- 


cussion to explain the authors’ data is correct, examina- 
relevant specimens should reveal: 1—that 
e of specimens embrittled at above 
1100°F 


cleavage, 2 


tion of the 
the brittle fractur 

1150°F (620°C) for the AISI 5140 steel and 
AISI 4047 is entirely 
ri of specimens embrittled below 
peratures is partly or wholly intergranular, 
pecimens embrittled just below lower 
tical temperature there is good correlation between 


90 for the 


that the bDrittie fracture 


r 


insition temperature and ferrite grain size 
In regard to the authors’ comment that the high tem- 


perature tempering treatment may influence the subse- 
quent development of embrittlement at 900° to 1000°F 
(480° to 540°C), this has, in fact, been observed.” With 
an Ni-Cr steel quenched initially from 850°C (1560°F), 
the results given in Table V were obtained 

These results show that for this steel increasing the 
tempering time at 650°C (1200°F) from 1 to 50 hr only 
gives a slight increase in transition temperature due to 
ferrite grain growth, but that the same treatment has a 
very pronounced effect on the subsequent development 
of intergranular embrittlement at 500°C (930°F) 

Gopalkrishna Bhat and Joseph F. Libsch (authors 
reply)—Mr. Woodfine’s interpretation of the author 
data leads to the same c lusions presented in the 
paper. For example, for the AISI 5140 steel two distinct 
regions of embrittlement occur l ust 
lower critical temperature and 2-—in the 
to 1000°F, the two modes of embrittlement overlapping 
in the temperature range 1100° to 1150°F 

The authors object, however, to the use of a hardne 


nciu 


below the 


region 800 


vs transition temperature plot for interpreting these 
data, since this would in effect appear to relate the 
transition temperature to the hardness per se, while, in 
fact, Mr. Woodfine relates the embrittlement at 1200 
to 1260°F to the basic involving fer- 


rite grain growth. Since this structural cl! 


structural change 
ange is con 
tinuous with temperature and time, it would be ex- 
pected that there would be a continuous change in 
hardness in the structural 
changes having a marked influence on the transition 
temperature. As stated in the paper, an attempt to re- 
late the hardness per se to the transition temperature 
over the whole range of isothermal embrittling temper 
atures (including 1000° to 900°F, etc., not shown by M1 
Woodfine) does not provide any definite relationship 
The authors are pleased to note that Mr. Woodfine’: 
data indicate the influence of embrittlement just be 


absence of noncontinuous 


low the critical temperature upon subsequent en 

brittlement in the region 900° to 1000°F. More exten- 
ive experiments in the author laboratory, conducted 
in an effort to distinguish the two modes of embrittle- 
ment defined in the paper kewilse indicate a pro 
nounced decrease in rate and degree of embrittlement 


‘r steel after prior embrittl 


to 950°F in ar 


ment just below the lower critical temperature 


at 9OO 


A Study of the Microstructure of Titanium Carbide 


DISCUSSION, H. H. Hausner and G. T. Horne 


Chairmen 


Claus G. Goetzel (Sintercast Corp. of America, 
Yonkers, N. Y The authors are to be congratulated 
work they have done on such a diffi- 


study of cemented titanium carbide 


kind of investigation carried out by 
light on the very com- 
plex reactions and mechanisms involved in the sinter- 


ing of tni 


them which is needed to shed 


type of material 

would like to ask the authors several 
uld possibly further 

help in understanding some of the findings reported 

Why did they work on a composition 

ontaining only 20 pct binder? Material of this type has 

extremely brittle and therefore of 


commercial 


The discusser 


questions, the answers to which c 
concentrate their 


been found t oe 


ittle interest as a possible material for 


applications in jet engine blades and the like 
In the discusser’s experience, the binder content also 
has some bearing on the microstructure and it would 
be interesting to compare such structures of low binder 
aterial with material prepared under identical condi- 


ons but containing binder p>a<e in the order of 40 to 
60 pct. Undoubtedly. the texture would show 


ifference. Not only would the spacing between the in- 


some 


jual carbide grains be greater in general, but also 
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t shape of the carbide grains may be different. The 
liscusser has found that high binder materials gener 
ally tend to have more spheroidized titanium carbide 
grains. Such type of grau in the discusser’s opinion 
would be more desirable for a commercial product be 
‘ they would yield materials of greater ductilit 


and mechanical and thermal shock re tance, thank 
to a reduction of internal 


It is hard to bring into agreen 


notch etflect 


ent the apparently 


porous nature of most of the micrograp! hown by the 
authors with their statement that most of the speci- 
mens were virtually 100 pct dense. Is it possible that 


the dark areas which are predominant in some of the 
micrographs are not porous but graphite precipitates 
or inclusions? 
There is also a question whether the coring reported 
real or a relief effect. If the there 
gradient apparent from the core 
Microhardness measurements 


latter is true 
should be a hardne 
if the grain to the case 
if possible on such a relatively fine grain size 
of finding at least a partial 


would be 


most desirable as a means 


answer to this question 

Finally, it should be mentioned that experience with 
cemented titanium carbide ami other cermets has 
hown that transverse rupture strength data are often 
misleading and much influenced by specific testing con 


litions. While room temperature transverse rupture 
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t eaningful in ict ttle material : ect. the aim of which was to investigate the effect of 
. emented tungst urbide whose field of applicatior raw material production variables on the properties of 
; lie elatively lk ' perature levels, the same can- titanium carbide. Investigation of the influence of a 
t i i for mat al which are to perform at variation in binder content was not within the scope of 
t pe ture above 1600°F. A iriant, the odulus of the project. The intention was to compare commercial 
transverse spture test at elevated temperature ‘ grades of titanium carbide and determine their prop- 
oH HO to 2000°F nm img nt t gives in- erties as functions of production procedure and chemi- 
3 ml f t m the cal ng 7 1 und deform- il composition. For this reason, the initial pieces were 
mi sbilit f the mate it the higher temperature level sde without any binder. When it was found that this 
How the ate of loading ell as tne ss not feasible, first 10 and finally 20 pct binder were 
f pe ‘ tical, ar greatl ifferent ,aded. The latter amount was used as a standard com- 
pert be estat va the testing position thi investigation This relatively low 
> ' Thu the r reliable translation t binder content was deliberately chosen in order not to 
“ ter trerigt tre to-rupture test cover up the characteristic yf the original titaniun 
al f perature a wrbide. A higher binder content might easily have 
the desira ‘ sving infor stior leveled off those differences which the authors wer 
th ar strenath of eager to demonstrate. The fact that different grades of 
the +} pape slso titanium carbide, with 20 pct binder, show lifferent 
r ee ‘ the r tw to take ider tructures proves that this leveling off did not occur 
| , — nd elat to their Angular grains cannot be considered to be characteris- 
| oat . mt ion mnact test have been tic of 20 pct binder content the authors found that 
‘ ' tak t t the , wer im- pieces containing 40 to 60 pct binder did not 
pact properties of the ent tit wrbhides and how spherical grains. Depending on the nature 
mt nm com- binder, these pieces showed either spherical or rec- 
: sl use ‘ the pact tangular g with rounded edges 
ad pert ft t t ure ich The preparation of specimen for microscopic inves- 
t for example tigations often leads to difficulties Grinding and polis! 
tat ‘ he most ing were sometimes troublesome. During these opera- 
i t t fine work tions, particles were often ripped out, causing the ap- 
r: ferent effe pearance of porosity in dense pieces. Densit wert 
t trenegt! letermined by water displacement or pycnometrically 
‘ t it rk f when the piece were small. Chemical analyse showed 
- ty, ré ttle or no free carbon; the materials were very pur 
, 1 clear As far as coring is concerned, the authors are quite 
; j hort- ire that this phenomenon is not a relief effect. Speci- 
* il applica mens were repolished and re-etched up to ix times and 
the effect was still there. Furthermore, it always ap- 
- , . peared in certain materials after certain treatments 
. John C. Redmond (4 Lat e, Pa and neve! graphs show up to 10 
pet of the th condition. If thi 
tu a ild be another phase and not titanium carbide, it 
: . ; . i mits hould show up in X-ray patterns, which it never did 
4 ic . The iggestion to test the hardness gradient was con- 
r . ted and i but was given up as too time-consuming 
/ ~ — Transverse rupture strength was used a5 a repre- 
- entative physical property because it is so easy tu 
art 
jetermine and because it is very sensitive to changes 
r tructure. There is no reason why another 
‘ . vse physical property could not be used instead if it is a 
i =e ae ‘ itive to microstructure changes as is transverse 
the author rupture strength. It would be interesting to find out if 
lar relationships exist between microstructure and 
‘ ther properties, especially elevated temperature prop- 
r tie ich as the relationship shown between micro- 
> tructure and transverse rupture strength. Such basi 
necessary in orat vercome the hort- 
at ngs of this type of material for commercial ap- 
plications 
It must be admitted that, as far as processing vari- 
ibles are concerned, this investigation was quite limited 
; The aim was, however, to compare the products of 
rac ar ws manufacturers under the same conditions No 
: ; was made that the ccnditions used were optimun 
onditions. Better physical properties were obtained | 
sage te ising the best conditions for each 1 terial. Thi now- 
a ever, did not permit proper comparison. Such a deter- 
- mination of optimum conditior while very valuable 
t prog ild have involved an additional investigation for 
; erse rup which there was not enough time 
The reason for using transverse rupture str¢ ngth as a 
a $i —— eriterion has been explained before Fron a cor 
mercial point of view, impact resistance of titanium 
carbide-base materials is undoubtedly more important 
: ; but the aim of this project was primarily to improve 
, the basic understanding of this material. This paper 
, a . does not attempt to give a final evaluation of the ir 
stigated grades of titaniur arbiae ich a t 
Herman Blumenthal a Ronald Silverman thor ercial evaluation, elevated temperature ar pact 
re I pape hy tests would, of course, be necessar) 
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